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.ABSTRACT 
• OF 
THE THESIS
This research had, for Its object, the Investigation of 
the state of flow In the throats of horizontal Venturi flumes.
The Investigations showed that for metering purposes, 
the flow in the horizontal throat cannot'be parallel, whatever 
the form or the proportions of the throat may be.
This' renders’ Incorrect the application, to flumes with 
a horizontal bed, of the discharge formula, which Is based on 
the assumption that the flow Is parallel. Unfortunately, 
nearly all the Venturi flumes used or built nowadays have 
horizontal beds and apply this discharge formula.
* The research was then directed towards finding a solution 
for this. The result was the development of a new measuring 
devise which has the advantages of the Venturi flume but not 
Its defects, which Include the misuse of the discharge 
formula as mentioned above.
In addition,the research led to experiments on the 
parabolic notch, the discharge formula of which was established 
mathematically and confirmed by experiment's.
of Honiion
VENTURI FLUMES
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THESIS 
FOR T H E  DEGREE 
' , ■ OF
D O C T O R  O F  PHILOSOPHY IN ENGINEERING
BY •
MONIR M O H A M M A D  K A N S O H , B.Sc.
1948  •
The present research was carried out .with a view to ■ 
preparing a thesis'for the -degree of (Bagineerihg) .
of .the University of t,ondonf -according' to "its .regulations 
for ^ internal; students* It was ■ done "in two years * under the 
supervision of. Mr* ?* £avteS> B-'SiCu* K*X*M*E#f head of the 
Civil:and ^ "eohani^al-lngineering fepartiiients^ 'of. the 
Technical '"‘oil oge* Battersea*Polytechnic;‘2ftstitufce*. London*
• • fftien.-his supervisor noted that ■the author was employed 
■ as an engineer■ by the irrigation Department:in -Egypt, and .
afterwards by-the Main Drainage Department''.in .Cairo* he ; 7
suggested to: him the: investigation and study, -of the 
Wenturi .Flume11 as a measuring device of flow in'open channels.* 
- . It -is clear.that accurate measurement of the- flow.must 
be the: basis-of any successful^ engineering pro jest dealing' 
wifhthe flow of water*
' ■ In-the preface to- their book (E 124}f Brs* Tuclsbery and 
Brightmore confirm this by -saying* tT&-.the'2nd Chapter# the 
’measurement * of water is introduced forming the foundation 
of What may be termed the science of waterworks engineering.n
It happened that the author dealt only with sewage and 
with If lie water/which was usually heavily charged vitlrsiXt*
Els experience taught him to view tith suspicion"* the m r
ip
wMch.^obsiiwts'-the flow of water* not only causing nuisance ■ . 
by a^otamlmting ■ material* but ail so '■■altering- the calibration, 
of the-device. as m re suit of- the change to. conditions of the ■ 
channel -upstream# . .ww ... .
toother defect,of the weir* is -the sacrifice of.a good ■• 
deal of the head of the water flowingoTor it# . The consequences', 
of this are mueh nora- serious in'a- flat - country like Egypt*
The Venturi .Flume* in ■ addition ■ to its other. advantages* 
does not possess these;'two defects#' . It causes no silting 
end sacrifices only a small'amount of the head*
11 In a 3 ft#. .improved Yeninri'..flumewith a discharge ■
9 #48 cuseos -and upper head. 0#.§6 ft## says- Par shall P.*. 849),
,lfthe loss of-head-was only O# 19 'ft*-. The: sane discharge over 
a- 5 ft# rectangular >exr would require'a head of .exactly _
1. ft** ’and to this* possibly an extra :0#10 ft* should be • * 
added,: to assure a complete ■aeration*: making' a - total less of 
head of about 1*10-■ ft*#"■ •■■
■ fhe. suggestion of Mr.* Bevies was*. then* one of extreme 
interest and importance to' the author*: but the field was 
diffuse# The '.subject was about 5$' years old and seemed to have 
been adequately covered by ' the■ many earlier Investigators#
- la exhaustive study, .of the theoretical side of the 
subject and the ioits of the previous-'investigators* however* 
gave the author an outline on which to base his wo rife * and this*
iv
■after ciaiifioatioms and additions, was pat in the form 
given in page < 2 0 0
the research had, for its object, the ini? as tig at ion 
. of the state of flow of water in the throats of horizontal 
Venturi' -flumes.* The- investigations showed that for :'..
.metering’ purposes* the flow- in the; horizontal throat cannot 
he-'parallel, whatever the form 'or the proportions of the 
• throat -may he*.
. This renders incorrect the application,' to flames with’ 
m - horizontal bed, of the discharge f ormula, which is h°sea 
' on the assumption that the flow is : parallel* . Unfortunately, ; 
nearly all the Venturi flumes used or. built .nowadays \hsve.;' 
'horizontal teds and apply this discharge.'formula* .
"f . the . research- is as then directed towards finding 'a solution 
for this*" The result was the development., of a new measuring 
V .devied which has the-advantages of the Venturi flume butnot 
its defects, which include the .misuse of the. discharge formula 
as'mentioned above*. ;
' v;" ■ in addition, this research led to experiments on the V
«Sharp edged parabolic notch,* on which no;previous work has • ; 
been published* The-discharge formula for this' notch was'.' - 
. established mathematically and confirmed by-experiments. .
A general $ a about .the whole work, can be. gained by reading, 
in-order, pages:- (4? to 50), (174, 131, 188,- BOO, 238), .
' ’ : ■/ / ■ v " • 1* . f : - /
<68 to 84*' 115 to’ 118, 189 to 197,- 2-42 to 244, 852, 860 to :
' \f J . y  ^ v 
.265), <67, ' 266, 270,.291* 294}♦g
IT
■ fh-e thesis comprises two farts* nothing in the first h 
part is claimed a a original except the collection of material 
f m m  over'1GO different sources, m M  its presentation in such 
way- m  to assist in the assimilation of % ha- data in -the 
second part. Yet the first part required ms rnmh. effort, as 
the sec oni part which is a. report on the present re sear oh and 
it# findings*
■y;h-.Irerf endeavour has teen, made to g t m  the reference ■£or-n • 
each statement* For ejramplei {B*74, |**41$)' refers the ■• reader 
to',-page 413 of reference 74 in the bibliography at the end of ’ 
the thesis* ' '
/-n;;;'; fhe author wishes . to express his thanks to-all the 
authors ■ whose works are mentioned here, and:In. particular to 
Professor Bakfemeteff m l  to- M m Q T m  Hill & -So* . Els' greatest;, 
'debt.*.: however, is to Sr.* Y* a* dairies without whose help Itop;
would have teen impossible to complete this work*
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PART I.
INTRODUCTION
AND
HISTORICAL SURTCY
the, Development of the'Veatari
4 .- fhe':;»¥iIfUBI W W SI,*'which is called * in certain: cases'" - :' .
the. ®SIAMD3» fl?I W i ^ ^ ' i s  i device used for measuring the;/ ': 
rate of.flow of water .in open -channels * ’■', v^;-.::-A:i;'-;
■ |n .its. simplest form,, the Venturi, flame' consists.'P;
of a contraction ox" restriction called the H  hr a at, * preceded 
hj a convergence and fallowed Pby a divergency#.. :fhe hed may \P; 
either %e plain, or'may contain a. hump or shallow hroad crested 
weir# ■■ ^ppa-'p.P:-
V. ln:.pla% .it is similar to. the mil-known sfenturi Meter * ,. 
used • for mensuring: the ■ rate of flow of gases and liquids ;in .; 
pipes,Pwhile a similar'mathematical treatment is applied to loth 
devices,-and hence the nomination of the Venturi flume# . p M,'";
■;■■:.-the :-Venittifi meter, named after dlOVANll Mffl%TA VI,IBRX * 4 : 
Italian priest and teacher (1746-1822} is known to almost. every - 
engineer,;'-, hut prohahly none of the engineers' rememhers how it .' : ' 
was so called# It is only a small minority who knew that the :. 
Venturi meter was invented hy 011MEHT3 fflBSO1111, who was ■’ 4 
charged in 1.S79 pU&5) with the'duty of. apportioning the amounts 
which'might fee lawfully drawn from common eanals,4t Holyoke,
lassachuseties, U*S*A* to operate . a number of manufacturing: 
corporations, - most of which were running night and day#
H^rochel ?;ag much troubled fcy the indeterminate quantities
1 . ;
I!
Fig.l 
The Venturi flume 
or
Standing wave flume
£
drawn for wash water in paper mills*.'dye works, and other 
factories, some -of which were-- using .20 inch and. 24 inch '. 
diameter pipes* ..’'He had to find •#some method of '.meet lag/, the:;.. 
.Situation*». ' Mter considering the problem-for a long time* 
ha.experimented at the Holyoke/Public fasting Flame (fcuilt for 
'/.testing: turbines and water wheels} with what he named;.tha^ J//?v/’.; 
/vfentari. W a t e r - m e t e r * wthis .name*says Herschel, "came 
' about.by accident*8 . Many experiments'with compoundtubes'^;//r:'-: 
each consisting of a mouthpiece'fo-11 owe-# by -an 'adjhtage-.or; C;
■ divergency * (Fig*2), were carrisd out before the 19th Century*/ - 
■'/The ..experiments showed; that the - discharge and the ^velocity;;/-/F/: ;.: 
.thro ugh'-, the- smallest section/are greater. than/, those dae/to-the;/ 
; head:'(lie#) the.- coefficients^ 'of...'■.discharge .■and velocity'.for ./.this 
‘■section are greater than unityvv/’-.
Ventart experimented on- such tabes at lodena about l?fl*;//;
■ and: published ■ the results in'Paris in ITf?. under. the. title':;/-y. ■ 
8Beoh.erehes experiment ales setr ;"le. Principe de la Communication
■Laterals ,du tlouvement 'dans - las Fluides*-8'. The results, are . y
■ included. in the tr ansi ati on o t. venturi * s: work by • *$16 hols on, * 
-(Journal-of natural Philosophy ,/Vol* ill, London'1802} and in..'
Thomas Tregol<3*s ‘Tracts on Hydrauliss* 2ni» saitlon, London :
1838 * -’■// Venturi s ho wed that the angle of the diverging' p art, 
as^also-its-length,■ greatly influenced the rate of flow. He-
concluded (B*98, p.. 186} that the coefficient of discharge at ,*■ 
the'- narrowest section would have.-.a.maximum value, of 1*46 when/ 
the length of the- adjutage was 9 times its least diameter*, the;.- 
angle at the vertex of the cone being' 5' ..**■$6**
■■’■■■The' water passing ■ through such tubes %ntoubtedly; remained 
in unbroken ■■masses*# v • The increased flow it icte to t? 
termed: by Venturi "the lateral communication of motion In fluids,8 
"and to the atmospheric, pressure* : moving' stream line of water 
■flowing'-through'a--mass of water /-at rest*. : tends to-, oemmimioate-' ■ 
a, portion of it a" velocity to the/mass* The .atmospheric ' -. 
pressure is the same on the surface of the water in the vessel-/, 
.and on -the orifice, from which the water escapes* supposing 
the'mass of water ■ flowing through the pipe to be divided into 
very thin slices by planes at right angles to'the" direction of' 
the-'current* ’*Jfr©m its - inertia**; p*43* Is*211) H m h  slice will - 
tend to. retain its velocity,- but on account of the enlarging/'' ■ ■ 
sections* it cannot la this,' but- tends/to .separate- itself from: ■ 
the' slice immediately following, it* ■ This, is prevented by.the 
pressure of the atmosphere* and. the effect Is-be balance a . 
portion of■the pressure of the -atmosphere on its downstream 
side*, The entire .pressure of the atmosphere remains on the 
upstream side of the slice*- and the 'difference-between tM.;;; 
effective pressures on the upstream' and . downstream Eoeeierate 
the motion of the slice* . *11; the slices are acted on in,a ,
4
similar manner* and the increased discharge is due-to the' 
sum.of - the actions upon them*-8 ' -. Venturi'had observed that 
daring such method of discharge*: -suction %" iaf produce! ai- 
th© - throat of the adjutage Cfig«4) and he propose! to/ use: vy-’^ 
such suet ion aa a pump - to . lift water* . M  application;.of//: 
.this* widely Used nowadays* is - the .pump1 w M c h  is'yb/y/..
used to spcoi up filtration/in/lahormtories'■{fig*3}*./;y/:;fhea' ;. 
'Water flows from the tap' in .the direct ion shown, auction 
occurs" at the narrowest section of the inner tube* fhe.-:'-.';-' 
suction causes air to be drawn-from the flask* thus creating 
in: IV a partial vacuum which' accelerates fill© rat ion*:'/ 
.;;::;lxpanting adjutages are' used for various other /purposes 
shah as to increase the .discharge otherwise obtaining and to 
raise': the efficiency of water wheels 4}*
' / . //Plers'chel prodtced an expanding adjutage as part of - a , - 
constriction in a pipe - lit believed* -and later
demonstrated by experiment.*:- that the suction %* -at the;-. 
throat was a function of the velocity through the throat* 
"When during the ©xperiments it’became necessary to speak of 
the/.head at. the throat*8 says Herschel* (B. 55* P, ISO) "it 
became easier to’ pronounce* and more eup.honi.ons* to speak.of 
it and shout it as the "head on the Venturi" rather than the 
"head at the thro at;n and thus came into, being, the name' 
"Venturi meter8#.8
• Fig : (. 2 ) ,
Adju.ta£e outlet experimen-ted xipon by Yenturi in 1791
The filter pump based upon Venturi's priiicj-ple
Fig; 4.
The Yenturi "meter.
!%■ is m %  irrelevant -to.gits--at ferief account of fh@ 
oii*© am stances which le€ to the development of the Venturi or 
. St and lag Wave 'flume* ■ :
In his paper- {1*&9) dated 1938* 0# C, Inglis said;
*for more;than, ten years* .flames- have feeen used in the .fua|afe . 
for regalating,supplies .an# measaring discharges# M  first 
'they wore used merely as proportional distributors -where; 
two or more channels tock off from : a parent channel 
.Bill level of each off-take "being the same and the throat ; h - 
wiaths made proportional' to- .the discharges required in the- 
■various channels, later* h©wever# ’..they were developed'm. -yy 
semi modules for !regulating^ ■;and- incidentally measuring*, the . 
■■.supplies of off-take channels, the supplies feeing independent 
.’of variations of water level’ in'the' take-off charnel#'
' ■ fo understand this statement* one should .know the'...meaning 
and., action of a semi module and should-have some idea of the 
conditions of" Irrigation in India which hr ought' the. standing
wave flume into feeing#
-'. & device’which delivers a constant discharge* .independent- ■
of fluctuations of water level, or pressure on. either the supply 
or the delivery side is called a *T module *# The word ^module8
{i»®7*p*100d} -originally meant a device for measuring water*, ■. 
tmt in India the word had. come to mean a device to pass a-:
f l » «  sappiy of water, it is not known whoa this Inter* ^
n  '
pret&iten was given M l  the Indian Irrigation Commission of h: 
if01 adopted It■' daring dissuasions af thf i-tiilifa merits,'■.of 
metered and modular supply*- the latter was favoured sins© /.';/■' 
the farmer was %o pay at a moderate and uniform 'rate for the 
■'supply 'pleoodi at his .disposal*.' and noif.aa under-the- meterv 
System* at a mush higher fate for the ^ amount. whioh he as t a ally 
'UB©d*hy.
rh vyV'^ Aa ox ample of sueh a leviae-lfi the «%anish Module^ 'yyviv'.-< ■ 
-'employed in the water supply:ef Madrid* . It is showna 
tiagraniatioally in (|’ig*i) to he' a vertis&l fifsaXar .t&parei, a-, 
'ping eXesed ■ at the hoitom* c j-i iostedn at its top to a float 
and passed through .a - sirs alar ho eiaontal opening f Qn with a '■■ 
;etearanee forming an annular or if is# through whisk water flows, 
then the' water I©'?el at- the s»ipp Ly side* and sonset|aently the 
■float-"and the plug are high, the area of the annular or if! on 
is 'small# then the water level low are, the float and the 
plug drop* in whieh ease the area of the annular' orifiee ; : 
heeomes larger* The ■• shape* of the. plug ean Tbe. so designed 
that the produst of % he area of the'annular trifle© ant %tm 
square root of the sorrespending depth*' (or head)*, of rater.
is and equal to the required discharge divided hy the
soeffisient of di3o&a*$* X. {%%*.
" the function of the tapered plug oan he arrived at, more ■
0 ■ .
////// ///,
t’ig- 5.
The Spanish aiod'u-ie Modified 5panls~h module.
Grit-,
✓
Fig. 7. 
Flo at mo<3ul e ,
9 jMv..
easily still*.-. hy using; a cylindrioal shell open,'.at. .%'m %&p ■ 
and closed at the hottosa, with a nEnaher of. suitably . spaced ’• sad 
'si&sdholea* (?'ig»-§}> :. -The water-will'then fill the cylinder.-:: 
and. flow from those holes which at that time 'are 
opening * Cs^-* . - When the sap ply water level becomes ■ lowar^ - the ' 
float and the cylinder. will drop down, anda greater number-eor 
wholes will allow the water to-,flow* thus compensating for, the / 
dearem.ee in the-: heal. (1*-!)* -
;■ .shows diagramahioally a- different type '-of;.; mod ale. ■
whioh omsists mainly of the float * J**- .carrying a valve ■ '.
and-hoth ahle-to moire vertically inside a orlindtr :hairtxig .
'ah -openings$S8# ; - Recording to the' differencebetween the 
upstream and dotnst ream levels*-and are or ding to .the weight of 
the valve* thin latter will m o w  ter tie ally end. occupy :a ■ ;;v.v 
certain. definite position varying for saahvaiue of-the 
difference in head# than varying the area of the. openings :#0-8 ■ 
so that the product'of the area end the square root of .the /m 
difference' in head remains* In every o&sgf - alw&ys consta&% '.
. ■ ’*-A eerni module* is a devise that .aotomaticalif delivers
a d i echarge whic h is independent of fluctuations of water .level 
■or pressure m  the delivery side*.’and only varies with water - 
level or pressure'on the supply side in accordance with ■ ; 
hydraulic laws#.' (n.8$).* ■ ' ;.
the simplest -example of a semi module in a freely dis-
MAX- v
Fig. 8, Fig. 9
Freely discharging orifice. Freely discharging weir
Standing wave orifice Standing ~wave weir
• Fig. 12.
Modified Spanisli semi module
/
Fig. 15
Standing wave -module.
il
charging orifice or weir (figs* 8* 9). Sometimes levels 
of .water on the supply .and delivery - sides : 00 not permit free 
overfall* In most of these cases* it is possible to sake 
an.^ artificial and virtually free overfall' by letting a swift 
shellow/flow rush below m  adjusted gate or over a broad-- ' 
crested; weir* fhenthat flow enters the deeper and slower 
stream in the delivery side> it pushes lit back and forms a 
sudden jump of surface known as .a 1^ standing wave11 (figs* 10*11} 
In that case* the -conditions on the .delivery side have_no 
influence on the 'rate of -• flow, ' &hd such gates. or .weirs are • 
•considered semi-Modules* -
; --if the water level in the delivery side of' the Spanish 
Module is higher than the level, of - the opening 1 1 (fig* 12) 
Ihe device will no longer be a. module* •’ - it sould* however*
be made a module'by introducing some 'modification as /.
• 9
suggested* for instance* by .Midis son (fig* ly) * 1
(Figs* M4* ,I5> 16) ' show three .semi modules* the action
of 1 hi oh is baser! on maintaining a constant feeding head over 
the sill of a - floating weir or, orifi-ee • (JUlOl) * • The Feeding - 
head is maintained constant by a totally different method as 
illustrated in-- (fig* 1 7 ) where a-.semi module has a vertical 
feeding pipe «pw inside which slides telescopically a 
cylindrical - shell nC*f with .-a closed top* having openings or
TO-
■ : gig • 14»
A-'"floating- semi modxile
A  floating semi module
13
' " Fig. 16 >:
A  floating semi module
E
Telescopic semi 1710(311116
14
. orifices ”0”*. Weights sen he'added to the cylinder .to 
sake it heavier- if required* ■ Feeding wateav-'with energy, ■ 
depending upon the supply level* will- lift the cylinder to. a 
certain heights ' When the supply level rises* the cylinder,with 
its: orifices, 'will rise* and vice' versa* . The required constant 
head between the supply level aad-the centre of orifisespan 
be adjusted by placing the. appropriate weights ?7W”* . (R*10l)^
The last, examples are. given to- .sho?? how delicate a M  
complicated' are the sm± nodules with xnoving parts* if, . 
compared* for example* with a standing wave -weir*
p -An excellent picture" of the irrigation system in. India 
is given by M-? S* .findley. £b*90')pWho says that Indian canals 
are ■ built* owned and managed by the State*. " ■ The water is ' sold 
to! theooultivators*. and since it was, not possible to measure 
the amounts delivered to each field*, a fixed rate per acre 
of the land irrigated by canal water in .any season, was. Xevlec* 
"The canal systems vary in length up to.200 miles*; end , 
water takes as.long as five days to flow from the head to the 
furthest fields#- The biggest canals in a system are called 
%&in canalstt* They - are fed directly, from the. river* and -may 
have branches# The main canals and the branches feed 
«distributaries and minors1 and these in turn feed the fwater
courses” or farmers * ditches* The heeds of water-courses 
where they branch from a distributary are called ”outlets”?.
The supplies of most of the main canals in the Punjab 
are secured by weirs:* If there is sufficient, water/available 
in the river the canals can be run up to their capacity* Some .. 
canals, hare no weirs* and have to utilise the supply that enters 
them from the seasonal river levels*. Outside, the Punjab* many ;• 
canals are fed from the storage dining the flood period of the 
rivers which are almost dry for part of the .year*
The canal system is designed to deliver* when running full* 
to each group- of holdings a certain flow calculated from, its : 
area and sore other factors* Ihen.the supply is short* water 
is shared proportionally*. The distributaries may be given the 
right proportion of supply in a' continuous xm&r, or*, better 
still, they, can be alternatively run full as. closed, i n  short 
turns, for the correct proportion of the entire time* ??It» 
practice*** . says Gibb (B*45* P*I376) 1?a. mixture :o f the two 
methods was employed* ** . -
In- the- first'method,.' fluctuating supplies prevent a ; 
stable silt regime from becoming established* and regulation 
is very delicate since the supply is gauged in tenths or even 
hundredths of a- foot at the distributary heads* whereas in the 
second method the flow is regulated in hours or days and is 
therefore more easily and accurately adjusted#
'  ■ 'i ■
■On the other hand* in certain rases (B#129 F*94) during 
’ ■ ' 1 *■ 
periods of short supply when the water level in-the main canals .
was low* certain high level distributaries were unable to tale
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:'their' t tall. supplyM and fed to .be periodically closed* Back 
outlet, .on, an average, received only about one week* s .supply 
In the month# ■ The .rotational' turn of each village.on the : 
water ". course was often of ten days * : duration, or more# Is a . 
result, some cultivators'., had to wait -about, seven ’ -ecks . for : , 
their-next turn# If the .supply available was ri-trlbuted 
■proportionally'over a longer period It would have- been more 
satisfactory# ■
:fhe distributary heads (B .88)- ar© generally under' manual ;
co* trol a more , or less constant supply level Is maintained v
by means a** regulator agates In' charge of. a '*low-~pa±d and 
almost, illiterate mm®.*' The supply level to ■ be .maintained is ■' 
a .^ meaningless gauge . reading1* fixed by,the official 
•arranging the regulation,. and is generally no more than an 
estimate of the change of -ga^ ge required to produce the ' 
desired effect In the channel# nIhe. value of a gauge reading 
In cusecs. is generally considered only for prefUnctory periodical 
statistics11* . Such a value Is obtained from a. .discharge' curve 
or table,, usually prepared manyy^ars earlier and under totally 
different conditions# from .time- to time, corrections are made 
by applyingcoefficients * nThe coefficients, 'are deduced from 
discharge observations often of doubtful accuracy1*#'
Discharge curves -are. subject both to gradual and to. sudden . 
changes (B 2) due t o t
If
X* ; The actual changes in.the channel bed,, which Include
. erosion of the bunks- or silting of the bed from 
natural causes, the growth of weeds, or the erection d 
of artificial woits across the channel '.downstream of 
•. the gauging' site#
2* ;-The regulation, on movalie -coirtrol - works downstream,
. . :.{e#g») of the opening.’or closing of sluices, and the 
■diversion of water from the channel, thus creating or
' . . modifying the bach, water or drop-down curves, and
: causing a. change of water level at the gauging site 
■ unrelated to changes In-discharge# /; ■
5# The varying effect of rising and falling stages#
.■When, the stream Is rising rapidly the surface slope 
. and consequently the dis charge at the : gauging site may 
’./be greater for a given staff gauge reading, than the ' 
corresponding slope and discharge with a falling stream 
... This may require- virtually a separate stage discharge 
curve for the rising end f o r the falling stages# .
In short, It can be said that iwintalng the 'sam© 
level at the distributary head does not wean passing the 
same discharge through it*
■ At any rate, the water flowing Into a distributary 
channel was under some control, while that passing out to 
the' water courses was entirely out of ••control# Unceasing
efforts were trine made to find sane means of controlling • 
tills supply, to ensure equitable distribution Of water to : all 
the Tillages served by a distributary*
.■:lhe discharge to-the water courses .passing through ■ 
outlets Is dependant. on the' water -levels*- both on the 
dlstributary side and the water course . side# ' The' former was 
relatively'constant^ especially under a. policy of running? 
in a distributary? a full supply or nothing,,:. Ihe latter 
was.liable to considerable variation? according- to the field 
being Irrigated and to the state of neglect or clearance:of 
the 'water course? depending on the heenness of demand for 
water (E90) ♦ When farmers are not in keen aessnd? water ' 
courses- are usually7, not cleared? the outlets ' draw off much 
less than .their normal capacities? ■ and the tail of the 
distributary Is. consequently flooded# When '.farmers -are In. . 
grave need of water? during a dry season? .they clear the 
water, courses of silt? the outlets draw off more than their . 
share? nsometimes as xaueh as-5 times their share11? and this 
results In a shortage, of water In the lower reaches- of the 
distributary and at Its tail.
. The heads that were available - did not? In general? make 
It possible to eliminate the effect of vyter level in the . 
water course side by setting the outlets with a free overfall* 
Standing wave orifices and weirs similar to those shown' in
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(figs* ' 10# -11) -are not- welcomed because they encourage the 
silting of the hod of the. 11stributary and*. at the same . time, 
prevent the ■ conveyance of'silt* which Is rieh in fertilising- 
material^ to the fields* . "
different types were tried and discussed*' and attempts ■ 
,were rude to develop outlets which wtjuli/bs independent of 
the conditions mentioned above* liter the experience gained 
in working temporary outlets*' attempt was made to.regulate'the 
s iz e s of permanent ones* " ’ .• •/ .
Ihe location of temporal, outlets,- us 1  as the align­
ment and cons'truetion of water courses* ^ 'usually left to 
. the people themselves (Ev128 hec^ m  detailed surveys
of village lands had ever been made until comparatively 
reoehtXy^ and reliable-contoured maps- with stiff latently. close 
■contours were not available for the. Irrigation officers* bush 
outlets were intended, to world for a. trial -period of one or t m  
years* but they often remained for longer periods* in some 
eases, for as long as ten years* She water courses were . f 
carelessly constructed by the farmers* and were generally... 
defective pin alignment*, grading and size* and as they, were'-' 
usually ill maintained* much wastage of water resulted* .In. 
some oases the major portion of the area served remained 
unirrigated* fi!n one ease* a cross section of over s i x  
squre feet was provided for a discharge of ij susecs*15 '
BO.
.■ ■Later, when detailed contour ■ maps- were prepared, the . 
zones served by the outlets were marked out-and arranged, 
and suitable, alignment for water courses to Irrigate them 
was studied.* Ilia -outlets. were' then pern gently fixed in the 
right positions* '
pit is not Imown .when porn, next outlets first '
eons trusted, but there are sose.dr *ugs of outlets as., 
early as 1875*
The outlets were originally, mere open nuts i n  the 
distributary banks, and sometimes wooden chutes* ' '
-. The simplest and probably the oldest type of outlet ■ ■ 
consisted of earthen pip aid in mortar, with .■ a little ■ 
concrete under the embankment- of the distributary (e *-'128}>
This developed into another type, consisting - of earthenware 
pipes completely bedded in concrete,- with face-and back walls 
of concrete or brick*
■ The cross sectional area of an outlet'used not to.be . 
designed to pass a certain discharge, but to irrigate- annually 
51' acres in spring and 19 acres in autumn, if fed from a 
half time minor distributary, vand double these areas if fed 
from -a'major distributary running.always full*.
1 uniform sine of pipe 6 inches in diameter was in ■ 
general use*' Pipes of 4i inches diameter, called half size 
pipes, were, allowed in 1 8 8 8. One, two, or three rows of- 
pipes were built together as one outlet* then the necessary
number, of pipe lines exceeded three, hri.sk or masonry barrels 
either circular or rectangular -in section were adopted*. ' 
Afterwards, east iron and steel pipes same’ into use*
All those outlets were unsatisfactory* •B*G* Kennedy,; 
(who ■ investigated many problems of irrigation, 'among which ■ 
was the.design of channels that carried their silt charges 
without scouring), says (B*77) *■' ■ ’
nrurlng th e  most important periods, when a full supply 
discharge is being run, vs see that the present arrangements 
of outlets bars two outstanding defects, via* we do not know 
what each outlet is getting, and therefore any equitable 
distribution is impossible, while secondly, the cultivators ■- 
have both the power (by water course clearances)' mn& the 
Incentive to increase their own supply at the cost of others* 
If wa ' can get over these two- difficulties. by simple means ; vv 
ensuring a definite and certain, discharge to each outlet when 
the distributary Is running with a full. supply, we shall have 
all that Is required.*1 ■
■Ibis was an Invitation to the. engineers to develop a 
satisfactory type of outlet* to was actually., the first to 
make trials and to show a result* He first ssdyised three 
types, of modules (B*9Q) for big, • medium and small discharges* 
The regulation of the medium, and small • types was effected-by 
balanced cylinders suspended from a weigh-beam*.. Both types
were, in practice, unsuitable* ViThe largest consisted of a 
.gate swinging on a horizontal- axle, with a counterweight,
linked to an extension of -its upper end and running on a guide-
'3 * ■ . ' ' ; .
rail laid to a curve calculated and confirmed; by. experiment*
The basin uncler the bottom of the. gate was also formed to a 
longitudinal curve* Any .given difference of head of the 
upstream' and the downs tress brought the gate to . some position 
predetermined by the counterweight and the curve' of its ’ 
guide-rail,, and the basin graduated the aperture at eaeh . 
position, so that the desired discharge would p&ss*n - ' ■
. ffBurIng periods, when fill supply discharge Is not ranf?, 
says karma (E*12S, P*ll6) Kennedy would like the outlets
to draw proportionately less, and this Is quite correct, 
because when, there. Is not enough water In the distributary,
It would be Impossible to .give Its full supply to each outlet, 
and according to him, proportional distribution was the .real - 
desideratum for an outlet*1*
Although this allowed for the necessary elasticity' required, 
to distribute the supply, yet It was not agreed to by all- the 
engineers* One school,. thinking first of the Irrigator, 
maintained that the function of the canal engineer was so to 
control his canal and Its supply that It gave always the 
design©! discharge to each outlet*' Another school, regarding 
first the actual unsteady supply In the canals, held the view
that each outlet should take a. percentage, of, its full supply
equal ,to the. percentage of .full 'supply running in the
distributary at the same time*. ^Steady supply,lf: says Llnciley
■ (.R«88p P*48) ^should be' the aim, and proportional distribution
only.the cure for such variation es.no efforts can avoid#!1
He was not In favour of; proportional outlets vtiose discharge
'vary with the variation, of the water' level In the distributary#
Fe said (E*8S, F#58) that a fanner ^an raise, that level and.
*
draw more water by simply *! sitting a' buffalo15 in the ' .
tributary* :D* Ju H* loirmsend (lul22, P*/4g)' jokingly 
suggested for solution by the combined.efforts of Irrigation 
and; Agricultural Officers, the problem of evolution, of a breed 
of buffalo that m u M  not Imd themselves to; the abuse 
referred to by Lindley* '
.."'In'19^ 6, Kennedy devised a semi module gauge outlet*, As 
shown :;.Siagrasisatically' in {fig *18) It was simply a Venturis 
tube with air admission. to the throat* it was ■ claimed- that If 
the difference In the level of * it In the watercourse end 
the distributary exceeded | the head at the inlet, a. vacuum 
would entailed In the throat which would be prevented by 
the admission of air, and therefore that, any increase of 
discharge other than that due' to a .working head of } the head 
at the Inlet would be Impossible* This means that ss long as 
any air is drawn Into- the throat, when a tinkling or a rushing
£4. ■
sound may be i^eard - accompanied by the appearance of bubbles at 
the exit, 'the discharge is.semi modular and.is as indicated on. 
a gauge fixed to the outlet on the distriUitsry side*
' In other words, as long as 4 % ^  is less than, f.hx 
then fthg® will be negative, but if the '• throat' is • connected to 
the atmosphere, h2 .mll always be zero, provided hj Is .less 
than |hx* In all such cases, the flow will be equivalent to- 
that passing through ’ ah orifice. having the same area - as that ■ 
of the/ throat and acted v 1 by the head .h^. — h# '** ~ 0 - hj«
A' gauge could be fixed at the upstream side and graduated .• 
so as. to give for every value of the head hxp the value of the ■ 
eorr^ m&ing. discharge which, equals hTHEtx x.'constant'*
The device is designed to ensure that h^ Is less than 
m  for different conditions* This necessitates fixing the 
outlet higher than the distributary bed .".which results In - 
heavy silt deposit in that bed*
The devise was made of sheet iron which Is of short life*
■ Its worst defect was the tempting ease with which It 
could be tampered* The.- cultivators used to block up the holes , 
and the top of the vent pipe wit^mgs. and clay, thus stopping 
the admission of air to the throat* This produces a vacuum 
in the throat, the hydraulic gradient (fig* 4} Is. pressed 
downwards at the throat and. I12 becomes negative. • The discharge 
In tliis case will be proportional to the square root of _ .
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hi - .(-lig) or h2 which' is greater than the designed
head* In this way some.farmers could obtain, at’ the expense 
of others-, without■ imdi or even m y  risk* more than their 
share* This was one of the-outstanding defeats which Kennedy 
himself id shed to overcome*. ’.
A* S*. Gibb (H#45 P*157^) was of the opinion that the 
variation- of supply level in distributaries may be duo to . 
regulation which is controllable or to uncontrollable causes 
sush; as a change in the-silt bod, the- growth' of' weeds * and 
the: falling in. of the berm, and that the constant discharge 
module outlet is the only device suitable for use with such . 
uncontrolled variations which occur in distributaries ss well ■ 
as in ■ water courses*
In 19® 8, he devised his ingenious nodule outlet'(fig*If)* 
It was u.s:j' 'based on the fact , 'that water will -
form a vortex when, it flows in a circular path* ■ The figure
shows the semi, circular'open channel In which ' the water flows* 
A vortex will.be created,, the surface of. which varies In. ; 
height over the floor near the Inner wall and the outer one,
• according to the rate of flow*- For a particular .discharge,. 
the surface shape can be calculated, and vanes are 
accordingly.set to skim any rise-above the calculated surface, 
thus allowing only a rigid. constant discharge to flow** ’ The 
nodule, as a mhole, Is set high enough to ensure that Itfls 
- - ■/ B? .
not affected by the water level In the water course*
The principle of the module is given by Glhh In 
KBescription of method of designing and constructing a 
module .for water course outlets11, one of the Punjab Irrigation 
Papers'(for official use only) and by Cl*' Kennedy (B*49)*\
For distributary and bigger heads, there was the fenturl 
Module.-Sluice, which had a gats placed in a culvert of Venturi 
form* . : It has a rather complicated mechanism* ■' A valve Is 
connected to the usual Venturi meter indicating In
such. & manner that It remains closed, when the normal .correct*' 
discharge Is passing* If the discharge Is increased.the vahe 
Is opened In such a direction that It admits .water to one side 
of a small reversible turbine which works a gear and closes. • • 
the gate* Iben the discharge is less than normal, .the valve 
I s  opened In the opposite direction, and the turbine and. gear 
open the gate* (fuss)
Other modules ire re suggested and tested, but the most ■ 
common' objection to any module was Its rigidity*
. As long as a distributary Is run with a full'- supply, (i*e*: 
the supply required for all its -outlets plus the. lor* as due to 
absorption) the modules'will uoxk- satisfactorily, ■. but. whenever 
the supply falls the modules in the head reach of the • 
distributary will go on drawing.off■their fixed discharges' 
while/the outlets at the tail are starved* (JU128) -y:.
.- It wes noticed in a distributary fitted with Kennedy 
gauge outlets that if- the su ply mas reduced to $0%. of the
full supply at-the-head, -only fee of-the supply arrived at 
the. tail, while a .drop of 20,1 discharge at the .head produced 
5®$-shortage at-the tall* When the supply was 60p-discharge 
at t! e Vead,. the tail received only 7i% (£.129* F.-100)* h ■
..Other Gistrlbutarise fitted with ordinary outlets suffered 
in the ' ssme respect, hut not- to the same extent, and 
distributaries fitted - .with'-modules were In an even verse -.
Insufficient attention had been.paid to the surplus or . 
excess supplies, if any* This led to -the. loss of such 
valuable water at; times- when it was badly wanted* Such an 
excess ought to have been shared evenly hetweexithe outlets, 
and t'lr; could have happened, only if they were proportional*
" r uy suggestions were put forward "to- face the situation*
For instance, Inglls preferred (E.67 P*/4*l) the prevention- 
of fluctuations-In lu ~ply by. using a *}£is tributary head Bate able 
lo-dulef; and then sub~proportional outlets whose' discharge 
vary : by only a fraction' of the variation' of supply reaching ' 
them, or In other words,'with the level of water In the 
distributary which may In turn vary for the same discharge 
running In- the distributary according to the state of silting 
etc* He said that that would be better than, trying to correct 
Mstak.es of regulation by using proportional outlets* -Some
-corhit; n*
engineers planned to divide every distributary into’ .three: , : ■!
reaches> and to use modules in the head reach most affected 
l>y. silting, sesi modules. in the intermediate- reach and . ■ •
■ordinary outlets near the tail*
.It'is not in t endec! ■ to give a detailed. statement o f the; 
arguments for or against the different suggestions* This ; '![
chapter is, merely meant to present some .fasts, and to phi
illustrate the circumstances' and requirements viiioh resulted I
in the,;development of the standing wave, flume* ■ : •!
Summing up the opinions of thedifferent high authorities,
B* P* Yarma (B*12§,- P*Xl8) laid dovn the following requirements ■ 
for a good type of outlets
1* ■ It should afford ready means. ‘ of. finding out what ■
1 ^harge is passing and under what head 'it is working*' f
2* If; should he immune from, all outside interference to '
increase its discharge* : . |
It - should he able to hear, Its share of any extra supply 
that may he running in the distributary*
4* It should have a suitable entry from the distributary .
to avoid loss of head* '. . • .
5* . Its face-irall of masonry should conform to the side
slope o f the channel*
6*. It should be durable, aha inexpensive to construct 
or to renew from, ordinary materials* -
7* . It ■ should'admit easy alterations to Its slae when .
w such are required* : '
8* ' It should he difficult to 'damage or' tamper with*
9* ■; 'If .possible .-its 'construction should admit of' closing : 
by cultivators without -going into- the ohaimel*
In the author[s opinion, a hotter outlet should, in 
addition, / satisfy the following'conditions* ■
1* It should, not he affected 'by the condition of. the water 
■'course* (i.e* to he a .semi'module)-* =
2* - It should not'only .draw'its share :of ; extra supply, hut 
; should, for instance, draw 103^ or 120^ ' of the full
supply of the water course when the flow in the
distributary'is -90$*' 1 0. or 120p of its full supply 
respectively*' If-the distributary■Is n  ys run full „ 
(or closed) such outlet should act. as a module. In fact■ 
It should be proportional semi module* ■
3* it should have neither moving nor aell-cate parts, and 
'should thus avoid the use of-mechanisms In such rong 
. hmrklng conditions*
4# ■ It should not cause silting up in the distributary and • 
.should allow the.free passage of silt* ,
5*. If should not cause any appreciable, loss of head,, 
nor heading up*
. %sx spite'of the object ions of on© school of thought, .
'J* 0*. Waterhouse was expressing the, opinion of a good number 
of engineers when he salt in his.paper dated 4pril, 1918 
‘ , $V$5) the following!'
»*.** .•-.•Instead of thinking of modules, "it weald be better - 
to try to advise an outlet which would only draw its proper 
-proportion, according to the proportion to the full supply hi 
41 soharge running in the distributary**
■Wh. B* BJiaw (B.$2* f>-lO0g) replied to that sayingptfcatph 
'-Hr# Waterhouse was incorrect in supposing that no effort was■: 
-being made to - provide m  outlet which would giv® a supply 
proportionate to. the supply in a distributary* 111* STODDARD 
.and himself#-had, after a number of experiments, and much 
;theoretical study arrived at two possible types, one of whieh 
.partly and the other entirely satisfied the conditions of 
proportional discharge, m  well as ether necessary conditions*
: Both types depended on the .formation of a standing wav® for , 
recovery of head* fh®-first .consisted of a rectangular ^.orifice 
discharging into a rectangular ©pen topped -flume#' • So long:'1', 
as a standing wave was formed'in this flume he low the orifice, . 
the discharge of the orifice varied as the square root of the 
"submergence (i.e. ) the depth from full-supply water level'in 
the distributary.to.the water level in the flume at the — 
orifice* ** **- '***etc*;
^fhe second type* he added, ^whlch was afterwards- called
• ■ ZZ '
the fMM  PLUlaE, was a rectangular, contracted flume,
the width 'of which, at the narrowest point, would, ordinarily; 
be three inches, while its depth would vary with the discharge ; j 
beyond this ■ point# - the vertical walls of the f lume diverging - 
gradually* " fhe floor might either be sloping or horizontal*
Such a flame, if properly designed, would'give'a discharge : 
independent of the water level at its outfall,- until the 
difference between this water level, and-the water level 
Upstream was about 0*1 or 0*3 ft* for usual'discharges* This 
flume'had been used by Mr* Jeffries for ■ someyears for" j
distributing water at the tails of channels and had given 
satisfaction*.* ■ Then he said, . X^n, order to use the flume for 
■all outlets on-a distributary,'it was necessary to add an 
orifice, at the bed level .{perhaps to pass silt), and in order 
that the- discharge of the-outlet might vary as the discharge 
of thedistributary, both for ordinary.increases and decreases 
of supply, the level, of the floor of the flume and the loss of 
head through the orifice would have to- be calculated, for each 
ease*®"
- - This was- the first publication about the standing wave 
flume* Jt clearly shows that the device was invented or '.'' 
developed by ' Jt*J*SfODMRB and l*B,EMftf!T- in, or shortly .before, 
1915*: It was described by Harvey himself in on© of the ■ ■ ;.
Punjab Irrigation Papers! ®StoddarMarvey Improved Irrigation . 
Outlet** • The paper was not.-'available, since it was for
official use only*
fh-a idea of-semi modularity'Is similar to that shown / 
in ftgs:*-10, 11 and the principle is the formation of a.-"; 
suitable restriction in the path of-water# either from the 
top fey. a gate or an orifice, from the bottom fey a weir, or 
from the■sides fey a standing ware flame*
;fhe idea of proportionality is quite- simple*.-'. : from-the'; ' 
straight ■ line logarithmic caries, fee tween the discharge and;'- the 
depiii'in most nf the Fan jab canals which hays side slopee-hpp 1 
of. iIt i#. it is found that ■■§"« constant & (depth)^
; / - Cx(d)/'^ 6
If th#:. asaal. close opening outlet were , discarded in favour of ■' 
■one without any top,- hut with'its bottom at the ted .level of 
the channel, (M.18S,p*Jtsy|) a discharge weald fee. obtained
S iy
which would vary with (cl} .. The variation of discharge-,
in such an outlet is nearly in agreement'-with the variation of
discharge in the channel - itself , sines.the difference between 
and (3) / not very great*
' fhe design each -an outlet to fee accurately propor­
tionate, and at the same time semi todular, .is shown later ' ; : 
(pages169&9 4 * ■ -
' the standing wave flame, thas fulfilling nearly all the 
r e qui r ement s :gi van in (p ages 3 o u a \ ) wan then % he vision-' 
which Irrigation-engineers, pursued for a long time
While engineers were trying, In India, to improve the -^:
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outlets to'their, water courses, mainly to act as propof ■*■■.'. ■ 
tioaal semi modules, the trials which led to' the 
'development- of the standing wave flume about or.just before 
1915# American engineers on the other side of-the world,
.were trying to improve the measuring devices of water.in 
open channels, the trials which led to the development'■ of': ;- 
. the'TSIflim FtUMS, about or just before 1915 (i,e*),/aV; 
almost a^ut. the same t im® as the .development of the 3TAKDIFG 
"WAITS' FLUMi, although independently and for a totally diff erent 
purpose •
■ . *$he extensive outlays already made, and those .
■ ■must be faced in the future®'says B* parshall <B"#.i06)
-.1 emphasise'the great need for the conservation of irrigation'' ' 
'supplies, and in this relation, correct, measurement of flow 
-'should be. the basis of. any plan1 of -saving**
He adds that the weir is the most accurate practical ; ' b 
means of measuring water in open channels under favourable 
conditions^- but if the pool or channel section immediately - 
- upstream from, the weir crest accumulates sediment, the ■ 
■required depth of water below' the- crest is correspondingly' . 
reduced and thus lessens: the accuracy of this method"of ■: 
■measurement, because, for the-same discharge, when.-the bed;'. -
is silted, the head on the weir will be higher -and the 
'■velocity of approach will be changed*'.
In ■addition;the weir causes an appreciable loss of
head which makes it unfavourable in most cases, especially 
in a fiat country.’
A. better measuring device had-then to he found. 
^Experiments made, in .the-•Hydraulic ■■■.Laboratory at Fort Oollihs, 
Colorado, on measuring;devices,*- says II. Cone' (E*29), led ■ 
to the• development of -the so-called VEITTOX FL0ME- during the 
season, of 1915- n
On page 703 ; of the - ^ Hydraulic Laboratory ■'Practice1- :
(ft.44) it is stated:
^Although some earlier experiments with a Venturi., flume had 
been made fey Hiram F. Ifills.£ C.E. at Lowell, lass., the nee 
of "-a Venturi Flume as a . measuring device in open chasm el a 
was first brought conspicuously to the attention of engineers 
in an article in ^Engineering lews11, August 10, 1916,' page £71 
■ The article referred to is emoted below. It was the 
first to mention anything about the Venturi flume: 
j, ^Experiments .made in the hydraulic Laboratory operated I ■ 
at fort ’ Colllne,. Colo, fey the Office of Public Hoads and Rural 
Engineering, United States■department of Agriculture, and the 
Oolorado Experiment Station, have resulted in the development 
of a measuring fl$me .which the experimenters believe promises 
to overcome the chief difficulties experienced in measuring 
water for irrigation purposes.*
■ The article adds: "The action of the device .depends upon 
the adaptation of Venturi's principle to the flow of water in 
/an open .channel. ; The sides of the converging throat and' - 
j,diverging sections of the flume are vertical and the floor ; .',
1 is level and. at the same elevation as•the bottom of the ditch. 
:?or smaller ditches a V-shaped throat having, side slopes of 
. 1 on ■§, a.top width of l| ft. and a length of 1 ft. is. set • • 
between approach.and outlet flumes,3 ft. long, andhaving. bottom 
widths;,tapering from & ft. to sero* for large ditches there 
Is. a flume of trapezoidal cross section with side slopes of. \
1 'on la, bottom widths tapering from W^*. {bottom throat -width) 
to 3 1  at a distance of 31* The throat is .1' ft. long. #
The article-continued:: "The laboratory tests thus far 
made indicate that the device, is quite accurate in its • 
measurements. - Additional tests are being- made during the 
present-':season# Larger flumes-have also been installed under, 
field .conditions and.will be calibrated and. tested.*
The article was ended thus: *?• M. Cone, who has charge 
of the fort Collins.Laboratory,’ and his assistants feel 
conf ident that the device which they, have developed -possess© a' 
sufficient merit to warrant making thorough tests.*.
This article was published two years before W. B. Earvy 
made in 1918 his first public announcement about the standing
wave flume, the device. w h i c h . t i l l  then unknown even; to; ~.
his engineering colleagues in the Punjab irrigation Depart®©* t.
/  ■ ■ ■ . . • ' ■ ■ ■
Moreover, :it; is. understood from the., statement in the'
...^ Hydraulic Laboratory .Practice®, that the Venturi flume was
experimented ..upon at Lowell'/before being experimented upon •
at'fort. Oollins (during-, the-season of' 1515) •' : ~
. ./Bat according to iindley . (E*; JO) the. standing wave flume 
is the older,; device!.. In .that-, respect ■ he / said; ■.
f5lh.at. is Imofra-in America as the Vanturi; Flume, was ./ 
originated. earlier and;.independently • by the late Br* If A. ■ 
..Sto'uc-trd and the:.late Ir# 1. B*/Harvey, both of the Punjab 
Ixrigaxion Department.1 :
On another occasion, (ft. .88, P. 59}-ha said:
• .... There i s the. b road-crest weir, 0 r flume t variously known 
as th© : ”Barvey o u t l e t • ”khanewal flume11, etc.; The first 
name led to. confusion,' because Mr. Harvey’s name is 
associated with several other outlets, the second is little 
known and the reason for. its origin is unknown. Jl¥enturi . 
Plume”, was suggested, as a name, but it was pointed out both 
that this was a proprietary name, and that its use led to. 
confusion with a .different, less successful, device attempted 
in America, which is not modular. Ihat has been agreed on 
hy ,m ^e of those most concerned as the most suitable name
is. ”Standing lave Flume”. ”
m
Iowadays, the. namestanding-- Wave- Flumefi- is- ;given to •-~ ~ ’ 
a- semi nodular flume {i#e./ to- -.shfluae: wiiiq.li'-discharges' freely 
and - is unaffected by t lie mater; level in: the downstream)'*-. fhe 
flumes whioh are always working ■ ^ drownedn and those whielx' .
■V ■ ■ •' . ■.-
can-work- either- free -or drowned {depending upon the rate.:;--'. • 
of flow) are called ■ ??exituri: flumessh
■ It is not within, the scope of the present work to - 
make an extensive historical: research- to -prove-that one • 
group had originated . the. device hefore the other f nor -iu tt 
intended to give the credit . to; its actual oxigiiiator. lo 
matter whether it was originated in. India' or in. America, 
its development was made for the sake of the -advancement 
of science, for the fair distribution of water, and for 
its metering to save wastage and - to use it for the 'benefit-_■'/
of mankind
rewardjustice and humanity never
m
0MFT1S n. 
mui t TiCSAL. APPBOA0B*
Before proceeding -any further, It is essential to y 
.outline-the 'mathematical foandations upon ■ which the
.present work Is' hullt* : '
(l) '''Bernoulli1 s' fmmtiem*
At any point in a mass of liquid, either at rest.or 
.In motion,,the liquid has a certain' amount of energy which • 
makes it capable of doing a .certain amount of work.
Liquids 'hare ^position .'energy ^ if they are vertically 
higher than some arbitrary horizontal datum plane*
To ■"raise a weight J?dw1 - of the liquid from the level of 
the datum plane to a point in the licpid %*5 feet vertically 
above - th^t datum'level, then Wdw:x '.»« ft* Iba. of energy 
should:be. exercised against gravity* The energy per unit 
weight of the .liquid will be (dw x t) «r (dm)53 2 ft* lb/lb* 
There-is- exactly the '■ same -.^ po sit ion energy * - stored in 
every pound of the liquid at a height 2. ft* above the datum 
level*
Liquids have also : “pressure energy1 in' virtue of their 
pressure head*
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Consider a vessel {fig. 20) containing a liquid of 
.tensity % * r and having a very email horizontal ©pen 
cylinder of area at a depth %*f below the' free surf ace*
To prevent water from flowing , through the cylinder v. 
(E.l), a piston should be fitted. -. ■ If .it 4s a- frietiohless - 
piston, the force required-to-be exerted: on that piston ;> 
against the thrust of ; the .11 quid , will be P^ .-w. % h x  :a. If 
the piston yields a. distance - ^ dl11. the work done; is E-x dl ~ • 
f ;i .h x a dl. - The weight . of . the liquid which does that work 
Isw.x a dl. .. To. perform-.that...work .means that .it must, have an 
energy —w x h x a. dl. • Thus. ,the.. energy per unit weight - of-the 
liquid 1st
■ (wxh>: a dl)~r- |ir xa ..dl) ~ L 
This energy per unit - weight is,.called the pressure.: energy 
of .the liquid at a. point, #h# ft. below the free surface. It 
is numerically, equal to.the head and is expressed in the same 
units.'
. When we say. that the pressure energy of a liquid under. - 
a., head of. % lf ft. is rh n ft. we mean to say that it. is % lf . 
ft.'lb. per pound. The same applies to position energy.
■Since the position energy and the pressure energy are 
expressed in the units of-length, they can be called the . 
^position head1 and the ^pressure head11, respectively.
j
iB.
|
i  _ ; ■! oti4 rmJLf ar i
d.1
Fig. ao.
Pressure energy of a 1iquid.
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Hydrostatic pressure distriBution
fhe pressure head'at a..point ' *!h« ft*-' belo-w the free ■ - 
surface being equal to ■•"h# ft**.: then .the diagram showing the' 
distribution of pr es sure.', heads., .on: one., side of-'a Vertical;; 
plane immersed, in the:li<$iid-or- on- ..the vertical boundary of- 
the vessel will be a. 45°..triangle whose base is equal to- its 
height*, with it s. apex at the free surface (fig* £1)*:; It is 
called the %ydrostatic pressure..distribution diagram**:' •
Evangelista.forrieelli . {I608 - 1674) made the e&tremely 
important discovery .that a jet escaping from, a sharp'.edged 
orifice-’in. the side of a-tank has a velocity v->Y^gh* equal 
to .that gained by a solid body'falling the-same vertical . 
distance llh ,f*
If . the water level in the tank is kept. constant* and 
the rate of flow from the orifice is flW M lb*/sec* then each- 
■"f8 lbs* of the flow are losing *f x h* ft* lbs. of pressure 
energy..while gaining "kinetic or velocity energy"*.. If no 
energy is lost, them
Kinetic or velocity-energy ^ pressure energy
=■ f  x h
~  1 x ;(T.Vzg) ;
In virtue of its motion, a quantity of.liquid of weight. *i* 
jaoviti n c h  a velocity will then have a. velocity or- 
kinetic■energy= 1 x v^/ig.
The energy per unit weight of the liquid, till "be ■- 
1 x U / ' z g )  r = ^2/2B ft* '
This la expressed in the units of length and can. be termed 
the..Velocity, bead**, or the %ln#tie head11*. . It can-be. added •
■to the pressure head. Mh« and to the position head H *• uV g •
.%+' »* may bo called the potential energy*1 or ^potential 
head%" and we can thus add the -potential energy, to.the kinetic- 
energy.'
i ith non-uniform veloeit y distribut 1 on, the. averaged■" 
kinetic energy will.- be greater...than (w^/^g) depending upon t he 
nature, of the flow, for if we divide the area, of flow into a - 
number of: very small areas % a n through which the liquid of . 
specific gravity .%* passeswith..velocIties- U d L , u g ••«*. etc# 
the average velocity or kinetic energy.per unit weight of .the ■ 
liquid, over the whole, section will bet-
M
■. 2_w x (da x u.) x v V ^ g  —  w. x a x v - . w x x a x v
■ %  ■
_ J_  x  ^ m 5/v.z
which is necessarily greater than— . * v 2■-(where v is the 
average velocity) (E*l, F*33J
■. hty using the .term ^  we neglect not only this correction 
but also the velocity energy of the turbulent velocity 
components and the effect of eddies. ■ _ Nevertheless,'.for
y 2
ordinary purposes, the nominal value . may be accepted**
(R.1, P.34)•
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^Hotbing .can- be created., # said lavoisier (1743^1794) 
*&nd'lh - every-.process ' there /.is just as ..much substance,. or 
quantity of '©attert-present before.-.and after the • process 
tas takes place* -. -Thereis only a ’ change or modif ieaticn of . 
the natter * 15
T h i s  is the -Wlaw or p r i n c i p l e  of conservation of matter 
It. is & t r i k i m g l y  similar to t h e - ,  statement vmade. 2300 years 
earlier b y . the. Oreek p h i l o s o p h e r  J ^ p e d o e l e s  C ' B .  O *  490-430) ; 
who-saids: ■
•' Clothing, can he .mate out of nothing, and it is .impossible 
to;annihilate anything*n
According to- a. similar principle.,. • #the principle of . 
conservation, of e n e r g y the -energy .behaves in exactly the 
same manner. It can never be annihilated*. If • may only- 
change.from one sort to another,'but the.total amount of 
energy contained'In a-'certain mass of liquid either at rest 
or in motion is always constant, and in every process there 
is just as much energy present before and after the process 
has taken place*. . ’
After Torricelli* no noteworthy advance in the knowledge 
of the mechanic s of fluids was made for nearly- a century*
But in,’1739# the . Swiss .DAIIBS* rmd OULU £l700-1 ?8f} ■.announced 
a theorum more : important than. To^rricelli  • ©,. of which the 
latter.is only a special case.
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Bernoulli1© theorem is but one form of theprinciple of g 
.conservation of ...energy* w Itstates'that the total 'energy ©f a 
perfect. licpid .under ideal’con&ifions, does not ©hang© as the 
liquid flews from point, to .point* :, .
: The. theorem is stated, by ;h*, Clarice {B. S3, Biljl): fox one 
pound of - the .flowing, fluid as '.follows 
JU, +pt.^  + j^ r.-+z} =  J V z + j>zY2 +  j £ + z z +  J Q - w  
where J - JJ8»1 ft •: lb*/B• £*tl#: the 'mechanical'• equivalent of 
heat* / V :
) b2 = initial and final inf e rnal energy, B. £.B • /lb.
> n if it *2. —
ft pressures,' lb* sec* ft*'
V 9 If _ ‘ it tf v2 ~ ti volumes, on.ft./sec.
u.9 v ts n 2 ~ f ' average velocities*. £t./see*
z19 5h" = . ■ '*. n 2
» . heights, ft* above datum level.
g = the gravitational aco©lexation«--. ■. ■
Q = heat absorbed .from, surroundings .between initial •
.and final p.oxnts, B*f.tlf7lb.. •
tr = net external ' work; done by fluid.; in .travelling
.. between initial and. final points*- ' ;
legleoting;the - small - amount of - energy dissipated throw.# 
fxictionV eddies,-. etc.,- the-'sum: of ;position energy, pressure 
energy'and velocity, .energy, at any point in a system, will be 
ecwal to their sum at any other point of the system*
Accordingly +  h ( + v(2 /2g= f  fzz ( f ig .3 3 )  v
= a3+ii3 + ^  /2g 
= s4+ h 4 + v4 / 2g eto . 
fh is - is 'c a l le d  ^Bernbulli ^s lQuatioaK«
In what is- given a hove, the assumption is mads that ."the 
pres sure, head, at any point of a certain cross section.- in a 
moving lifiid is mgml to: the. pres sure. correspond! ng: • to -the v 
depth of that - point below the'free surface* That means that 
the, pressures are assumed to. be■■distributed, in the same, way • ' 
andImamer as if the liquid was at rest (fig* 2 1 ) and.. • 
following the hydrostatic law,- and as if the liquid'was only 
.affected" by the accelmtloix due to gravity in a downward ' 
direction, in which case the pressure distribution diagram 
is a 4 5 ° triangle (fig*. 21)• ■
If the liquid is in a curvilinear movement, centrifugal 
forces ;will take place (force =  mss' x acceleration) in the 
plane of the cross section*
In the case of a concave flow, ( f ig *  22) the centrifugal 
force will act downwards in the same direction as that of . 
gravity. The pressure effect on the liquid of that force .is 
then added to that due to gravity and the final'distributi® . 
diagram will be (a b c*) instead of the 45° triangular • 
distribution diagram (a b c), (fig* 22) • ■.
45
Concave flow,
45'
Convex flow
■k *
Convergent flow.
Fig. .25.
Divergent flow.
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If* on the other hand,: the flow Is convex (fig. S3)* the 
centrifugal force will, .apt .'upwards; in a direction .opposite to 
tlmt o f gravity* The pressure offact of the centrifugal ' 
force should, in this, -cms©, he deducted from t hat due'.to ^
.gravity*.-.• .The• net pressure distribution-diagram will be­
ta b t&).
... T h e  l i q u i d  m a y * ,  a s  well, flow in-a .■ c o n v e r g i n g  or a 
d i v e r g i n g  .manner (figs* M ,  25) • There will be an. 
a c c e l e r a t i o n  ( a b ) .  in the direction of the stream lines. This 
acceleration-may have a noticeable component (b'b ) downwards 
or (ab/) upwards in the.plant of the cross section. The 
pressure effect of these components w i l l  either be added t o ,  
o r . d e d u c t e d  f r o m  the effect due to gravity, similar to: the 
effect of centrifugal .. a e e e l e r a t ions.
. It. is quite clear now, that wherever concave, convex, 
convergent or, divergent flow takes place, external 
accelerations will'act downmrda' or. upwards in the plane of 
the cross section under examination, the result being a 
modification of the distribution of pressures as caused by 
gravity alone.
Therefore the 45° triangular pressure distribution . 
diagram obtained in accordance with the hydrostatic law, will 
never'happen to a moving hispid.if the flow is either concave, 
convex, convergent or, divergent.
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fills 45° triangular diagram, will fee correct .for .a waring 
11 quid, if, and only if the flow is taking place in such a.', 
■manner . that the fluid filaments. have • no - acceleration 'Com­
ponents in the plane" of ■.• the crosm sect ion. perp endieular to the 
axis of .flow. Ouch flow is known as in which .
all, the stream lixn,s are' parallel .to theme el tree and' to. the free -
. u  ■
.V--
surface'; whi|h should, in. turn., fee parallel ter the. feed. Parallel 
flow may. fee|oall#d .TOXfOHl fh01»i - Vr
: fO' employ Bernoulli1 s. equation for a .moving .liqiid* sub­
stituting the pressure head at a certain point fey the ; depth . 
below the free surface of' that point, will not, therefore, fee 
correct unless the flow is strictly'parallels ..
• Sometimes the curvature and divergencies■ are not -■ 
appreciable* In such cases,, fairly, .accurate results may be 
obtained fey substituting the -depth for the pressure head in 
Bernoulli1 e equation* In oases, other than those above • 
mentioned, 'the effect of 'external- aooel orations should fee taken 
into account*
m
■; •■■ (2 ).-flow of later ■ 
fferomgh.ilmrp Edged Orifices,
and Over ■ Sharp Edged. Weirs and lotofees*
(a) Orifices.
. ffee discovery of forrieelll (page^3) wfeicfe is a special;
Case of Bernoulli:ls equation, showed that the velocity of a:." 
jet escaping from a. sharp edged orifice in the. aide of a- tank 
.and: at, #8# f eet below t h e free surface of .water is ^2 gE • •V 
(fig*. .£6)*
If the orifice lias an area '%*, tfee discharge 'Will: therefor© 
be?
. coefficient of discharge x a xfl^B '
Vo= ICr I
ffee coefficient of discharge can fee calculated, for olroul.ar- 
orifices,":using ffee following foriBula? - .
\/z
0 _  0*^9£ :-h &• B/ f'f2 ?S.z diameter of orifice-') ‘ . {B. 1 , P*4l)
 ^ kinematic viscosity
For any other type of orifice, the diameter (in the above ■
formula) is replaced by ffee amount » (E S3)
wetted perimeter
■ JU A* Barnes. (R* 15, F*140) with the idea of eliminating
the variation in the coefficient of discharge,'introduced the ■ ;
following empirical formulas for circular orifices: I
Fig. 36.
Flow thrQ-qgli an orifice.
0.5
a =k .h
dh
Flaw over a rectangular weir.
Q =K-H1"5
..
.v=:;4*652 .x (area/wetted, perimeter)0 x H'/z 
and Q = 3*73 *  B ':9S5 x H '/z1.985
where and are' the diameter and head in feet
Ha limited -the applicability of th© formula to diameters' 
between f . inch: and 11! inches, for any head greater than d *5 
feet* for any head exceeding Jf feet,. the formula was found 
to be correct for all. diameters down 'to •£' inch, fhe error in 
applying this formula was found .to be always less than 1 $9- 
©ometim.es 0*1$ or even 0^ * ' .
(b) Bectangular weirs an^aotches.
—   :   —
- v  Kef erring to fig. gj and imagining the notch to be 
divided into little orifices each having an area x dhfl and 
a head>Bh*A- the discharge will be;
where h and H are the length of weir or notch and the head 
thereon" in'feet*-- •
■ Unless the length, of the' weir is exactly the .same' as the 
width of the tank or the approach charnel, the flowing liquid 
will H v e  side contractions which are magnified as the head 
increases,-showing that their magnitude is a function of the 
head (fig. 27). I t  is then necessary to mahe a correction to
Q = 0 J L x dh x ^ £gh
H
cusecs
the value of nh u in  . the above formula 'to--take ca re 'o f; the  
e ffe c t  o f the side coutraetions•
Francis {B. 43 ). found, the .e ffe c tiv e  length, of. the w e ir ' 
or no toil, to be Mh - n . k x  JL%. a&d th e  c o e ff ic ie n t  o f • discharge
to be about'0.623 ■
.where ft = number of side contractions
and ;'k=. 0.10. ,
For a .w e ir ..o r a notch .w ith  two side co n trac tion s , '.♦‘F rancis* 
formula*5 give. the...discharge as 5,
<5 = 3*33 ■* (X. - n x 0.10 H) x If3/z 
= 3*33 x (I -  0 .£0  B) X B 3/z casece.
A.. A. Barnes (B .15) criticised the above formula, as .. 
being- o f l im ite d  .a p p lic a b il ity *  .He said-that the flow over 
a weir,of le n g th  3 inches under.a head of 15 inches will be'
% = 3 » 3 3  ( 0 . 2 5 -  0.20 x 15) *  (1 5 )%
.12' ‘ ' U2' .
; r = 3 . 3 3  (0 .25 -  0 .25}  X-mf/z
. '12/
~ 0 - 1 
In such case, Francis1 formula .says that there will be no flow, 
which is not true.
In fact, Francis himself l im ite d  ;the a p p lic a b il i ty  o f th is
formula within a certain range.
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■ Barnes, trying to find another formula applicable to 
any-ea.se> ' arrived, at' the. - folio tigs
. t - 5*324 x (area/wetted perimeter) 0' " 38 
and Q - 3-324 Il'^x i/" x (l ■+ 2
Barnes? formula* although more general ■ and more accurate* 
is cumbersome end very eo -plicated, cospared' with Francis!* 
••'•');For tuna tely the: rectangular noteh employed in the ;■ 
present work,' together - with the range ' of heads used* 
lies within• the limits of applicability of Francis* ' 
formula* which is'consequently used In preparing the 
following table and graph*
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Mo* Over a Sharp Bfeefl Rectangular O^tsh.
T J  Jyf
Q = 5*35 (X - |) x H /z (Where L and H In ft*}
M■* icrx• ,™ ; i i te - !>1
1 x (L ~
x ■eusess ( w h e r e X  and H i n .I n d i e s )
** 12. X _
3 12 x 12 xfl2
5) * H 
3/z
3/2
;= 0.00668 x (15.015 - p  x K 
* 0.001336 x (75*0?5 - H) X  H%  eusecs
U l i  ■
I l a a X g S L J L n i o x n i ^ ^  long.
Ii
(inches)
75 *075-2 H
3/z
Q ■ 
(eusecs)
1
(inches):
75-075-H H34 / Q ■ 
(ciisecl
1/4
1/2
5/4
1*1/4
1 *1/2
1*5/4
2
2*1/4
2* 1/2
2*5/4
3
?•
4.825
4.575
74.528
74.075
73.825
73.575
73.325
73.075
72.825 
72.565
72.325
72.075
0,1250 
0.3555 
0 .6Kon 
1,0000
1.397
1.639
2*3l6
2.828
3-379
3.953
4,560
5.196
0.0125
0.0352 
0,0645 
0.0996
0.1378 
0.1808 
0.2269 
0,2761
0.9203
0.3533
0.4406
0.5003
5,1/4
3.1/2
3.3/4
4
4.1/4
4.1/2
4,3/4
5
5.1/4
5.1/2
5 .3/4
6
'71.825
71.575
71,325
71.075
5.860 
6.545 
260 
000
0,5623
0,6259
0,6918
0.7596
70. - 10.352
70,0.75 11.1'"'
69.825 12.050
69.575 12.900
69.325 13/790
69,075 14. 700
8.760 0.8289
9 .5:0 ,0.9005
0.9724 
11.0466
1.1991
I.2772
l.3566
S3
FX?-
-f~f—i—f-~
~+-4*
-Tp-
(e) V - notches.' ■■
0 ’ig. 30) shows. a . triangular or V-notch having an angle 
nB0n at the apes/
/Dividing- .the notch by horizontal'lines into a number of .
small orifices of...area. fltb x dh* under variable heads % M\ 
where h = {H - h) x tame
Bischarge passing through one of,these,strips is 
(£fc x dh). xYiih =: 2 1  ( 1 - h) tane V£gh. *. dh ‘
Total .discharge ^  jkl (H - h) tane V%h. dh . .
= 2X-tane Vig * j" (H - h) ‘'fh* fill
■ • ■ O ' -
. =  2  tane 'pg x [ W B  x h3/z - g h% ] /
=  2 tane pfe; x [Vsl/2 - yfE^2] j'
h
Actual ■ discharge —  O x 8^ tan e V Bg H
=  2 tane PS" x V s H 5/2
V«1CT <-6
15
fbea ; 26=90°
then / • ; Q = c  xs/fex 1.x >/ %  H
The coefficient wo*. is..-not constant.,. ft varies, although -, 
slightly,.- with the head. . {/ f
An-approximate formula,'Professor Thoms©nfsformulat uses
an average value of ,5c *' and, gives the-discharge as: ■'
Q =.2.536 ^
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A# A. Barnes, again with the- same motive of eliminating • 
the variation in'the coefficient found ..that:. :... . - '
r ■ .*- - 0.00703 0.43703 : -
■ v..= 2*402 (area/wetted perimeter}--. • H
«*Q»02 - _ s/
and/ <J■■'.=■ ■(© :i l  ■ - ) z x 1'x .pflg) x H a ^ '
' ///: ■15.:/,; :/ ■ '
" 2 4^ 8 ' :
7= 2.4.8-B : ; ; (E.15)
Be found this formula to be dependable for a: very wide rangb 
in.90 .^.T-notches. ,
'.//.' for the 90° -V-notch employed in' the,' present -work,'; ,/' ; ■■- 
Barnes* formula, with.,.which - the following, table and graph are 
prepared,,, is used* /■ /
^3 H P P  M  « - * —  —  —  
* « * * * * < « . ■
• 'STVjUJl ‘ • ^ ' ^ U l H  v i H H
C O fa ' 0 0 K> CO j.fj’ GO ; Q O ^ c S 'o 'C O ^ c S  ■
h " h  
P  <D
CJ |B
p j
a>
mV—/
* # * * . • * ♦ *  *. * * »■ .* . # ■ *  *
H H  H H M  H H O  O O  O  O  O  O  O  a
:• OSsJ1 H U 4  K) H» O  V3 O U T  CK*->"i $s» o f  Is 0 M  
ON 0 *0 7 *0 1  vJi f a  f a \ A  %J<I i\3 M K S H H Q Q  
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Fig. 3 0_» 
The V - notch. 
Q =K-H*9
ynm /tm urrrt,/// /
The Trapezoidal notcli-
\
•(d). Trapezoidal notches* ' .
V It" is f itting here ’to mentionthe tmpezoidal notch which 
is a combination of. the last two notol3.es, the. reetnagular and 
the triangular*.. ■■'Accordingly. the discharge through a /• 
trapezoidal notch will be, taken as the sum.of the discharges
.through the. rectangular notch and ..the f-notoh forming 'its •
■ • '
'components (fig* 3%)»- . ■ -
Therefore ■$==$■, ■
**& , 1 and 2 * are usually, considered equal, arid' % rw: is 
usually, calculated using Francis * formula*
A special case is the "Oippolletti. weir% a trapezoidal 
notch, .of which the side slope is 1 : 4 (i*e*) .tane - J.
Then Q = [ e x  2/3 (L - O.gO H) fig H3/2]+[e x 8 vt&nefjg H S/^J
[c  x  % L  x f i g  E /z ~ c x %  x Q. 2 f ^ i  H % ]
+  i" ® x IL  tans f i g  HS/2]
4
The discharge through such a weir is
. /  .
f^S H572]
+  fc X 8 x i  'fsg n 5/z 
*■ 15 4 ,
C X 2/3 L i~si H 3/2 \/
m
fhe coefficient of discharge will new.be independent of the-; 
side contraction and will have a more or less constant -.talus 
oft.
■ Is) topas1- 0roup#
b ; It is of interest to mention the.studies ’of ■ B*, JU Oopas • 
C'E. 30) who ,. seeing .- that the amalgamation of the rectangular, 
no toll and.-the. Y-notch led to ' the .evolution'of .the t r&pe-soidal' 
notch and; the development of a new discharge formula,; studied 
the amalgamation.of the three types' of.outlets, the orifice, 
the. rectangular.notch and the .T-noteh, the discharge through
\/ 3A 5A
which:-is successively relative to H  ^If ■ , H. ." V • ■
A formula-of the type
1 \/o 3/p S/p
j (j = p S + q B Hr ■ r H
could be made to approximate very closely-to a straight line, 
and to be very nearly coincident with the formula*.
: . Q * b H
Oop-as.'■investigated, this problem and. came to the conclusion that 
it could be verified by substituting' in the formula:
P -  0.1035, 
q = -  1 .0 35 , 
and r =  -0.6897.
The formula will .then become!
q =  0.1035 Ij'/2+  1.035 H 3/2 - 0.6897 H 
which;is equivalent" to the equation of the straight line:
: .suggested....that this mai^ .be uped i n  designing a' group
of -Outletto.'.,a. tank, ..{fig.... J g ). consisting of, a.. tmpesoldai
sharp, .edge: no toll. with. a. baa® of 0  * 3 £ 9 .feet or 3 » 9 5  inches
leAgth -and side angles, . --..1 4 *.. each, so that they m y  '
'.! /I • ■ -■ '■ ■ ■•■ '
work: ia:.,o.oii3unotion; wi.th,,afcv.;orif. ice,of area. 0.01289 square’.-■
.f jls,tfor .-i« 538;..inches,.-diameter,if. it - were to be-; circular. pp.,
'■ ( /, Provided-that/-thepcentxe. ©f the,orifice is in; the same ■
plane as the base-of /the ..-notch j., the.. discharge- will' bes
//j' 4=,0.1035 1.035 bP ~  0.6897 H%  :
: P / !';■= 0.6403 B -P :
fhe' /(discharge of.■ 'suoh:a'group:::will;.:tlieia;be proportional to : 
the,:hea.d«; ~
fhe following is a: oompatison.’between .the last two discharge 
formulae for: some • different ..heads?'. .
difference
f  1.^
H(in ft.>(.0*1035 H ;*f 1*035.1 ~ 0 .6897H ,0 .6403. H
0.10:
O.I5 '
0*20
o.a5
0.30
0.35
0 .4 0 ,
0.45
0.50
.0 .0 6 3 2 8 :
0 .0 9421.
0 .12650.:
0 .
0.19270 
c i  22559;
0.28810;, 
0.31710 i
0.6402
A
0.09603
0.12800
.,0.16000
0.19210
0.22410
0.25610
0.28810
0.32010 H- 0 . »
lUl
!U1
\.\
oo.
■(f) The Missing Outlet*
After reviewing tlie outlets above mentioned, it is 
noticed, that under a head *E'“f. the discharge through an 
; orifice, a Co pas1 group, a rectangular notch and a f-notch, .
* is respectively proportional to: l l Vz , M ^ 2
\ f h l s  gives the impression that there may.be a series of •; 
Outlet types, the discharge throughwhich under a head ?<H“
is proportional to:
. ' vh T, „3 /z  . ~ 2 n ^ 5/z■. H ,1, H , II and H
If that.is true,, then there should be an outlet the discharge 
through which under a head “H# is::.
<4 = C I S 2
As long as this outlet is’ missing,: the series of outlet types 
will be.- incomplete*
-/.the authors not aware that any attempt has ever been . 
Biade to discover this “missing outlet11, nor m m  has its. 
absence been noticed. ■.
;:’fhe author had the good fortune to discover it. He 
established.its discharge formula mathematically and confirmed 
it by experiments. (See page a 9 1 )... : . /
<3) Specific Iteera-v.
I n a' uniform canal (i*e« a canal having the same cross ■
section all ths .way through), a discharge. m y flow
uniformly md-'mMfmM- hate the same, depth at -any section* ox*
the d epth may vary. t  tom on© section to another* In the last
j   ^ caL©f the depth say he increasing stream downwards with a • a /
rising. surface curve*, ©x. it..may be decreasing stream downw&x&s/N^
with a falling surface our?©* .
If'at m y section the bed is taken as a datum plane of
reference* then the. total. energy (referred to the bed) which
is contained .ox stored in one- pound of the water flowing at
the rate of Q cusecs will be '
2. ,y
1 s = ■%* + h|' + J^±r at (point 1),
I 2. S
l s 2^ -v- h2 -+ J±L at (point i),
2. S
and so on* 
where $ = position head
h =  pressure head ; . ' '
; ii = velocity of flow at the point concerned (fig. 33)
Considering an infinite number % f? of points in the cross
section, the average total energy (referred to the bed) which 
is contained or stored in every pound of the flow at that 
section will be:■
l s = 4- [S{»+h) r  +
2 & J
m
^  2 ^  2, r»
Taking' 1 X  -t-X( 2.-t-H 3-v  .. ............   ...xt-n __ \r (page-4-^  )
■ n 2 g
and 1 5_- (35 +-13,) ■=. depth-of flow Jyf
n
then ■' i = y .s ~r
/ If at a section, {1-1) -the depth, .the v.elocity, and: t he ■ 
area are., respect iv ely: j{ ,■ t, .and .a for a discharge ' ® <}*, ' 
thea E s = y sv. _ y + (J2/ ^ . a*
b> 1 ^ 2g ‘
At a section (2-2), E s — ? + , and .so oh* ■.
' 2. ^
From this it cam he seen thatn*Bs* is I function 'of the 
depth of' flow *y* since %# is:a'function of ^y1*.
lfI5% as said before, is the energy (referred to ,the 
bottom of the section) contained or stored in each pound of 
the flowing liquid while passing through that cross section.
It' le usually called' the ■ *SflOI.FIO EMERM'of fhOl «.
. This last notation was first suggested by B. A. Bakhmeteff 
about 1912. He used it. to give /% lucid explanation of -many . 
complex features heretofore interpreted solely from an abstract 
analytical point of view1*, ;and to- give a simple physical 
explanation of many of the complicated phenomena*
For a certain discharge and a canal of a certain cross 
section, if we know the depth of flow Mya at one section, we 
can calculate *a* and H *  and hence we can find .
At another section, if the depth has Increased the area 
of flow will increase, but the velocity and the kinetic energy
69
will decrease, thus giving'another value to #£<.#•..
-If, on the other hand, the depth at a. third section has- - 
decreased, the area of flow will decrease, but . the velocity a M  
the kinetic energy will.increase, and we-shall have' a third ' ■ 
Value-of
Therefore, for a..given discharge and a given uniform 
canal, there is a value of the specific energy corresponding 
to. each depth.
&■'curve can be traced .to show the relation ."’between. VS s w 
and *y- K  Such a curve ■ is calle& the w%eoif io Energy 'Diagram14 
(fig. 34) v : It "could be obtained by superimposing the potential 
energy curve *y* and the kinetic energy curve iir 2/ 2 g u$ the 
first being a straight lime passing through the origin and ’ 
inclined 45° to the two- axes, and the second:being a hyperbolic 
curve asymptotic to the same axes. 'The specifio‘energy 
diagram is asymptotic to the- potential energy lime and-to the : 
x - axis. ; • - ■
■■ from this diagram we cam find the specific energy' of the. - 
flow at any section of the canal if we know the depth of flow 
at that:section.
For the .same cross section.there will be a specific energy 
diagram for every discharge.
//
Position and Potential Energy
P o t e n t i a l  E n e r g y
Kinetic
Speci fic
(min)
cr
Fig. 34
TKe specific Energy diagram
71 KMC
'.•■ '(4) OriH.CalJglaw* :
The value of the specific energy is found, a® shown ; 
before, by adding the potential energy ’ty-* and .the .velocity 
energy H 2A & n.
When the depth of flow is greater than ^y#^ (fig. ;34)» 
the first term *y * is. large .and the. second is small* ..the V 
contrary will. be true when the ..depth is smaller, than *y cv #.'
In the former case,where' the velocity is low, the flow" 
is, said to W-#T8AS<8JIL, Sf 1141110 ©x ?!01OTa*. /|£ .jfc> ■
p.. "
■ In the latter, where the velocity. is high, the flow is * 
called:.■•RAPID, TOEBirLESf, or 8HO0T1IS*. fifU '
/ there, is one case, where the flow is intermediate between ' 
these, two states, whenry = ycr ■ • %n such ease,' the flow is . 
said to be. ■
;. The (critical flow is characterised by having the least 
or minimum amount of specific energy t 1 s (mlru) •
if the flow is critical, the given discharge % n will "he 
running .at a ^critical depth® and-a ^critical v e l o c i t y f h o s e  
'are denoted by ??yCr ® and % crl! respectively* ■
flvcr 1 mentioned has nothing to do with the critical 
velocity connected.with viscous flow in pipes and ieynold1® 
number* .
y^^ -r15 .is then the depth at which the'specific energy of 
flow is minimum* Its value could be obtained by equating to 
z@xo the differential of the specific energy with respect to
?E
the depth, ' '■ ■
i.e.putting dl /dy= 0 . 
os -d (y + if ) = 0  ,
dy zg , _2 -
= <l_ «y + s f . *  a )
= i + <-2 a"3,) x (£a>
. 2gr . . . .dy'
(<ia)
; g" . dy
for. any cross section/(fig. 35)- da-.b x dy (neglecting, the
■ terms of higher degree of smallness)*
therefore
Therefore
or ' 
(i.e.)
and
where .
b
by
= tof or surface width of the flow*
0= 1 - 'Jsfx b
g. a3
1 - s fx  Jh
g,-a3 ;
6 = k x a3 .
g * a 
b
•'. a .=■ area of the cross section those 
. depth is nfCT u 
and . .■ b - top width' of the cross section
whose depth is f?ycr 1 
These can the better be distinguished by writing them 
fsaCTH and % CTi!«
7 3
dy
y
Fig. 35 . 
da/dy = b .
zztz
Fig- 35.
L/b
The equivalent r ectahgle 
to the c r o s s e  ction.
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Then, for a cross section of any form,
^ = a c^ 'l/e x ia-V h
orp; •-..% =
F ■■■.. b .: . . A .
W b *  physically means. ibe depth' ©f . the\ rectangular: brossv: 
section whose-area la ecu talent to .the area of the-original 
cross section, (fig. 3 6). : ■ K  \
.If the cross section of the channel Is’ rectangular,vthen ■ 
a<^ =  b x y^_ and Q = ^  g * (fe-£_2ja-I3 / ' \ \
- \| g x (b s r  x jr
\T^~t f,» Y %  Q  ^
c/l '-v t
b \I & x (t" Y /z ^  ^ ^  ^
or ■■■ Q =
from which .. v^ j= . - ^  g x~ y
T-; -"
£
..... <
/■>) . '
r
cyu
aad '?= [ i x ( |l2]''' A/"" " rkT$*tm *  x / .
These equations form an interesting and a very important
relation between the discharge at a critical- state and fhrn^M.^
: - ■ ^  
critical depth of flow* >6^ - 'V;*5
If, at a certain erose section, the depth is %ertainlyw 
known to be a critical depth, the rate of flow, can very easily 
and directly be calculated and determined, by having just one 
measurement of that critical depth, independent of the 
roughness of the'canal surface and other uncontrollable 
circumstances* . • •.
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In a channel .with a horizontal• bed and a sudden' enlarge­
ment (fig* 37)-* the flow will for®, a ^hydraulic. dxop*.
At any cross section along the etamel,. characterised fay 
a depth wy H,. every pound of the lien id will.have a certain 
amount,of. specif io energy.' s$5#; (retored; to the bed? varying 
with the value of ..and obtainable fro a the epee if io energy 
diagram*
■ At;-.section 1, the depth is ^  # and the specific energy
iS
loving forward in the direction of flow, - friction and 
other resistances are met with, which, will destroy.a part of 
the specific energy contained in the moving liquid.
. At: section 2 ,. where the depth is ty 2 %  .the specific 
energy-is. f,ls2ft which is less than . ^ s,** ■
At. section 3 with depth ®y 3n the specific energy will be 
' • \
‘•Is0 which is less th&iiboth **£ s .and *E «,3 \ I z
fhe loss, of the specific energy is.accompanied by an 
appropriate lowering of the depth* In other words, the- 
passage of the liquid from one section to another -corresponds 
to a shift down the'upper branch of the specific energy - 
diagram*-
laturally, as a result of. resistances, the liquid as it 
proceeds will continue to lose a part of its specific energy* 
Correspondingly* the depth"will become lower an&loirer until ■
ya
U) (2) ' (3)
Pig - 5 7
Channel with a sudden enlargement
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it reaches Mfc*. u (fig* 37} where there is a minimus amount of 
specific energy contained. in• the -1 iquid,.' andiao part of., it can 
he'further • dispensed with to ■'■overcome resistances*"
•• -Any' lowering ■ of • the depth b eyond #yc*, ?l will mean' a- • ehif t 
down,the lower branch ©£ the specific energy diagram, which, 
means to increase in the specific energy contained in the -
As long as no-outside energy is abded to the liquid, 
the energy contained in it,'which is liable only to decrease 
by the effect of resistances, can in no way increase* There* 
•;£©xe' a s h if t  down the lower branch of the specific energy- 
:diagram will never occur, and i t  will be impossible in such 
; a ease (where no external energy is added) , for the depth of 
flo w . to. b# less than which Is  (R7 , f • 41)*
11 the lg est limit' to which the surface may .sink in  the n a tu ra l  
process of dissipating energy **
Since the least depth will occur at the end of the. 
channel., Just where the sudden enlargement starts, this depth 
will then be ^y^ # { f ig *  315 •
In  a channel with a h o rizo n ta l bed and a sudden drop,
{fig* 38). the flow will also-form a hydraulic. drop* Applying 
the. same reasoning as in the above case, the depth over the 
fall w i l l  be tty ^  *•
The depth would also be critical a t the end of the  
horizontal channel, if Instead of .the sudden drop there  was a
78
/ / /
Channel with a sudden drop
Fig.'. 59
Channel with a break in the bottom
Broad crested weir
break in the bottom (fig* 39).
; Similarly the depth which-establishes' itself at. the 
edge of a freely discharging broad crested weir (fig* 4-0 ) is
.Assuming that the flow.on-top of. the crest is parallel, ' 1
it will have a d e p t h T - y ^ * '
. If .the sides', of the channel in the .vicinity, of. the weir 
are vertical, (i.e* if the cross section on the top of the weir
. . . . . .  i f c j
is rectangular) . - |i
then % = y x ■ ' I'
but \ q ={jsf x y^).x ^ (H -|y^5 |
3/z ' ,--— --------- *-- ”
then ( y ^ >  ^ 2 y ^  (HO* y^}
(i.e.) yJl = 2 y^ (H - y^)
and y ^  = 2 (H - y^ ) j1
- g  H . /
3 V  . ; -■ )li
This means that the depth of flow on top of a freely discharging j1
broad crested weir is 2/3 of the head at its,upstream, which 
head should include a correction for the .velocity .of approach 
towards the weir of the flowing liquid* .
Free discharge will therefore be:
Q  =  C S t ' | g  X  i l o j f
c X t f g  z (2/3)% x (h )3/z
The value of "g* is given by D’Aubuisson viz:
g= 9.8051 (1-0.00284 cos 2 -£) x (1 - Is) m/seetl
X
where-..:" latt it u&e of'the place ■
e —  elevation, of the- place. above the level of the sea- 
. .r =  radius of the terrestrial 'spheroid at. the sea - 
.level; at the,.place*..
= 6366407 x (1 + 0*00164 0 0s ii) metres* 
for practical purposes,- is taben to be 3^*2 f t/s@c.; 
Hence,;.' free discharge., over a broad crested weir 'is ,
W  (j- c x b'^32.2 x (e/3>3/2 2c (
=  3.69 c.t. (H)3^2 approximately ^ , , ,.
where :' H =1 depth of flow over the sill of the wtir^i.rf^h‘i' 
upstream velocity of approach head which is 
considered to he' ftv,a ) ‘ - ■ /\/
The last fomila is in agreement with the %ax i m a  
.discharge theory11 originated in 1848 by Belanger. This theory 
says that when the flow Is free, the depth 5?y l! on top of a 
broad crested weir will establish itself in such a 'manner 
that there would be a maximum-discharge. (B.1 2 5 * P*4S)*
The discharge Q^.c* (b i y) x 'j Bg (H ~ y) will have a zero 
value if y =  o or if y-H*
It will then: have a maximum value for a certain value of ny* 
between 0 and H. Thismlue could be obtained by equating 
to zero* ' *
dy
SI
equating- this to sero,' them ■
/  x  ' N f & ' s 3. _  ef x. i > ' - s j ^ ~ 3 r -  y
(i.e.) y = ('jH - y) x (2^ J H - y)
=  2  X Z  -  y )
- 2 Hj iP‘A
CJl.
By solving the two simultaneous equations*
■-
and Q ={b x y^J 'j 2g (B - y^ )
as shown 1m page so_ f. it .was found that:
• YaT 2/5 H ■■,.-'4
which is in agreement with the .maximum discharge principle*
/ This, however, will ..be true in only one ease, when an 
ideal f io is taking place with no resistance losses.
■ ] i practice a coefficient of discharge should he Inserted 
in.the?second eouatlon which becomes* ,4
~ ■ /  V / '  M
<5 = c < /x  7cJ ^20 (H -  y ^ )  *#'h> .,rix
xfcile X Cy^)3/4 iAA w * & A\0
.. 7 h . ,'MV*,y,y /f* V ^ 6
Solving these equations, then **/ ,/V* * o
*  ... 1  ■ N *  t
3/2 ^ , : V t y
y = o ^  (H -  y j 1^'
y -  Gz X ■ 2H -  2 C y ^  If/"
^  a V f A  /T
?. c z  x  h  / r  ^ . x i
1+ 2 C2
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flic critical depth will toe c/3. of B only if o *=■!,„ othetwii
It will toe less than-2/v I if, **c» is less than unity according
" ■ ' >7*1 • ■ \, •■ ,
to frictional resistances. 'When Q = 0.8O y y «» 0*5 H A
/
Although, this . is in contradiction - to the..maximum', diecharge 
theory,* it. is in, conformity with experiment.
. . .IfirertheleaBr’ the relation,- between the discharge and the 
critical.depth.is always true,-; and, wthe critical- depth is a 
definite parameter- of.'flow,.-independent of the - roughness of -■ 
the Walls .etc. # .{!•?, P*44) * . p .  ,fIf a '-structure could be/ 
designed** says Prof. King (B. 81, P. 3^7) wso that it would 
toe Known in advance that flow, at critical depth would occur 
at a definite cross section for all. discharges, than' would
and there would toe no need for a coefficient to apply for • 
velocity -of - approach,. and measurement of would toe reduced 
to its - simplest fora.*
farious attempts have been made to use this relation in 
developing a "critical depth flow meter* as mentioned in 
page )23*
The value of E s (ain*) = y_ + s i x i
X
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In a .rectangular channel, l s (min.) == y' . 1 yOl . /
- ^  ' ■ ■ ■ ' ■ / ■ '
c ■' ^■ ' \ ■: - 1*5
therefore,.. when. the specif io energy le; mimimm the. kinetic 
energy ..irill he half the potential, energy.
(5) Equation of flow 
Through Hostileted Conduits
Considering the case of a ¥#aturi flume (fig* 41) which 
M s  a horizontal toed, and a rectangular cross section along . . 
tooth the channel and the throat* and tahing the horizontal toed 
as a datum plane* then, provided that the flow ■ ia - parallel* ■
the total - energy at any cross section will = y . vg-. constant*
' 2g :
(i.e* at any cross section, the sum of the depth plus the 
velocity head is constant.)
For steady conditions and continuous flow the rate of 
flow aft*. through any cross section is the. same.
. . If passes in the channel of width at.'a-depth
y^, and .average velocity it will pass in the throat of
width #to2* at a depth ®y2 ” m d  average velocity *v2 * where •
' . q= y, x to, x y, = v a x b 2 x ya •
It is observed that 8y ■w is always less than *yt * while wtoM, 
due to the restricted shape, of the flume, is less than . .
This means that the area of. cross section x d2?! is less 
than % v,x d-,* tout v2 = «|/{to2 x y2 ) is greater than
v, = Q/{to, x y( ) ■
#v * is called wthe velocity ©f approach*, and is-the
^velocity in the. throat**• . They are connected together toy
//
//
Fig. 41
The venturi flume
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Assuming the flow to be parallel fcqth in  the ehannel
anfi in the throat, then from Bernoulli*s equation, .
y + x L  ™yz + jL .  „ , y \  iyff ■ y'<y ■ /o ? V;'| (■ V  WJ *
z . N- i
7~ *  1  X (v. X hi, Y, ) / f f /
. * » _ -  t r  w■ M2 Jz
2 , 2  2 2.
v *  y ,  ®  Q  ■
ang v,2 = Q 2/b?
then y  + l_x 02 = y  t 3_ x 0Z
2g h * y *  2 2g b* -y*
and (y - y) ' ~ £l x (_i'  ^ -u. p2g b2-^2
2
2g x (y, - yr )/( .1.
2g x (y( -  y^) x J 2 il ^
" f b 2- 2-J 
1 -  'b, y ,J
therefore Q = ----ks__Xa__. , x ''Jig (y,
  , ^
2 fitaVz>2,
h, y,
finis equation g ives the discharge or the rate of flow 
of the liquid in the ?enturi flume in terms of the -Tilths 
and the depths of the liquid both, in the channel aid the
throat,. • •
She value of WQ/ as g iven above is only a theoretical. one*
1 discharge coefficient nCff should be introduced rJhink _ w il l
Bf
take into account the changes' due. to friction* physical 
properties of the liquid,, accelerating fore©' of • gravity, '£ , 
■the shape and proportions' of the flume* etc* ■ ‘ '
Therefore Q * a i ^ z j g .  . x ^ 2g (y, - y2)~
■ : ' . 1  IhsSs.}2
I ■ ~ 'b.y 7 ..
If b^, y* M .be substituted by ®a,w and' ^ b ^  # by"
Then■' ■ q * «.3c  ..1   ,.ic a 2'fig~(y, ~ yzJ '
. Vi -(ft)2' ,
This same equation ■ gives the rate, of flow .of fluids in &.
• pipe orifice meter or a Venturi meter'which has a pipe cross 
•: section of area na ^  and a throat ’ cross, section-of urea 
■ fra2l?, when the difference In pressure heeds at the Inlet and 
at the throat - (y, - Tz)^  sometimes - written t!hV*
The difference between a Tgaturi meter and a Venturi 
; flume can now be easily observed * W l e  l!a,«and % 2B of a 
Wentari meter are always constant values, *&, * and *-&2f1 in.
. < ,a f eiituri flume (±»e») %, y 1 and. ■ nb2yz n are always varying 
J ■ with the variation of »y * and ??yaw .which vary' according 
to the rate of flow-and to the conditions downstrearn of ■ 
the flume*
The discharge formula, for the Venturi meter aan then 
be'reduced to n very simple one such ast •
08
v
Q = e x St x^2g (y, - y,)
or Q = K  x f^iT. • . or ‘v  : ;' /
where .«$» is- a more or less .■constant value*
0*96 'to. 0*99 according to the,, des£gn(;sai finish' of
the. devise as well' a s/to the physical
properties of the fluids*. . Jj;u~ ’* 5 &
In the Venturi flumet
Thm
Z * £l~ 32 72 4 2sl* ■
2g- ■ s 2g. ; .
= ya + d/2g (b2y2)Z
Q2 = 0 2y2}2 X 2g (y, - y^ + | d )
Q = (bzyz) i p gsn<a .ba , x "V2g ty, - y2) + V
Inserting•the'appropriate coefficient* then
q = s X (b2y2) x)/2g (y, -;y2} + t,2 
This expression is. identical with the formulas
X  (b 2 y 2 )  x
£ ~ ( S S j f  
■ b,y,
X W g  (y, - Jz)
which was given before* and which. could he'written in .the
forms
<5 X (b2y2) x ^ (y, - y?) x
1 - (t r
This Means that «2g (y, - 1ZY  *i«h has the distensions of
^velocity squared** can, instead of being added to the...-square
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If
of the velocity of - approach, ^ yf .w,. he multiplied. by -
l  ■ , ^  , •. which is dimensionless, . ho til giving the'
i (^£Jk) same result* •
Ml y/
i : That is why the te:m \J~ -- /,• • ■ \2 is ^ailed th
v t i w
^velocity of approach faotor«.& '
/ scarding to the-.theory of maximum - discharge the depth 
- »y215 in'-the. 'case of' free discharge, will, establish itself 
in such a manner that there ; would he a narlrum flow through 
the .'-flume*; . _ ■
Therefore, neglecting friction,, this depth,las in the- case 
of :a freely discharging broad crested.weir,- will'he
■tr .'SS if  .22 O  %T: f 2 *ch. 4
0
Substituting this value in the, fomsila
q ■* « ( \ y 2 )  *  ........ 1  —  . y?)V- ,
f7~ (55a
Ix ^ o»y,
ve sget the free discharges
(3] !l 3C 5' X b g  (y, } /2 3£^ g
9/2
b>
3*09 X
1
., r . a
0/a
X — Q
4 / h ?.\2
oa
~-3*09.S x
1 ib2
i>2 x (y( )
* (y,) ■{•/
9b*
Therefore Q 2 ~ 9.-53 C x :;. (. 1
4-'/~, 2- / qh .j  ** i.
■* 2a5 1 £ L xj1a 2
1 9*53 m 2 ■ 3-WS TT'. *?* 4
O'h2^L'l
'N
n 5-; g- v.~
'I 2.Q O'H*j  *j 1
Giving .^C11 .a reasonable average value' of 0*97 tt.en
9.53 JI CO*9752 * (y,3/Q0 +
4-
(i.e.) bz = 1/ ^  9.00 x(3r(3 /Q2) -t.: (2/3b, }2'.
- O j’ / s. C"v-'«
y »-{ . . .
A freely discharging Venturi flairs* may* in 
cy ^ optionally favourable conditions* recover. 92$ and even
9^  j of its upstream head* On an average* it may recover
a 
.-s
f
a'hottt 8op? of ■that head.* In practise* howerer* It is usually 
considered that-the resowery Is only *J0$, to-. be m  the safe 
side* unless experiments' are clone' and the real recovery ■ ■ 
'determined* . wif'1
■ This means that the depth of water donhstrean of ;
the fenturl flume is ejected to be 0 •70 y^  * In  other nurds .
. ■ -f-__
y v ■« 0*.70 of the domstress depth, which Is the natural depth 
of flow in the channel^- had. the ¥enturi- flume not been 
Installed in that, -channel*
a Therefore* to design a freely discharging flume to be 
.Installed In a channel* say* of a rectangular cross section 
whose-width Is t?bi1:|* assuming the - throat also to be 
rectangular with width Hb|* the natural depth, o f  flow 
In the channel* corresponding to the r a i x m s  exposted : 
discharge ?!Qlf ■max*' Is to be deteimiriecU If It Is found to 
be t h m
-yi (max.) ~ ohs- * a  (max. ) 1'/
The-throat width can-then. be calculated by using, the formula?
b2= l/ji.Q0 X [y,3(max,)/ (taax.)] 0  W/j b,f
Iotv l o w i n g  a n d f b / *  the .depth *y, B . (ada*)- 
corresponding to the minimum discharge nq u min*. is calculated . 
using the formal at _ .
9 2  ^
® Kiri*® x  x   x j k ( j ^ ^ )
1 vtf- W
» *
fhe natural depth of flow’in the channel *y *•• (minf,j ' ' : ;
corresponding to is then determined*'
Tfe® ratio y3(Bln.)/y, (Bin<)' should not exceed dr
whatever recovery is decided upon* otherwise the flow will
not; he. free* in -whisk' case a smaller value. for should
be .tried*. ;
Ihe new value of !ihEtf shou ld■ be checked _ for the two 
extremities of the working-range of the ¥enturi flume 
?JQn(m ox*j and *.Q» m%Mr £*onc-intermediate-.values of the ■ 
discharge are to be eheshed as well* In all. $nsh oases, 
the' ratio y3/y, should be egual' to, or less than, the : 
allowable value o f recovery* otherwise; a-: third value for,
11 is to be tried, and so on, until, the chosen value is 
satisfactory*.
- The last formula connecting the discharge and, the 
upstream head could be substituted by the:formula conn.eeting 
the discharge and the'critical depth in the throat* which was
  v^/s
given previously as Q- y g x (y^) .
'-.■This. could be.applied both to the broad crested weir 
and to the Venturi finite witttLa • the range of free discharge* 
provided t at the cross section where the depth is
.measured*- the flow certainly-1$ critical-..'.
C m $eouenfcly# freely dismargirig. broad ,crested weirs' 
amV;.?entn2l flumes- are . ^ erltloal depth flow meters® !If the 
cross seotr 5 containing the arltleal depths are TOst •. 
definitely pre-deterwlned* . .
, The calculation of the rate of flow In,a •free!
of only one depth# either the upstream depth or the critical j 
depth* ■ ■ .. ' |
If the up stream- depth' is going to be used for this - ' * 
calculation# the effect of friction losses -.which wary ■ 
according to the- state of flow ana the material of 
construction# as fell as the ifluencs of the velocity of 
approach should he taken into account* The former is rather 
complicated# and the latter is given-different -values -by'-. 
different authorities* Francis# for Instance# takes the. ■
'finis tT-m velocity of approach as 0*92 . V 2, to . 0*97 v2 *
c5sckarging Venturi flume# necessitates then the measurement
t^mes Tikes to take It as X-. or 0 #9'2 x~# while Addison
 -  70 2g ■
, "    -, ■ 't
advises that it should be 1 ,5  |I - '  * ^
If * ; instead of the head due to velocity of approach being 
added- to t he ■ a p s t r e a m dept k, the velocity of approach factor 
is m e i t the proM©© ;will'Stil.i: %&■-unsettled#■'■In the case 
of .free discharge the taiae ;of ihie factor will he
:$hi a '.may he - correct _ if the minima© : depth ;■ of. the water in the : 
throatpdoes.. not change its position, . ' ■ What actually: happens 
is ;that' this ..depth. - move 3 ; towards, the omtlet as- the ;rate;:of 
h-flow Pi&or eases* ^fhereforePto':th© range of", free''.discharge*
; says. tngel; *th©; velocity. of approach .factor' will ■.•vary',
■• slightly since the ■ depth. ttya *; is- measured ■ at - a 'fixed1--section ■ 
; in the' throat and there' Is .enlyvone: r ^  
w vat this ':section#.9 -
* Z ' >7, l? '
■ to find.the .percentage,.-Of error-;?**hy neglecting the ;.; '; 
■effect;of the ■velocity.--of, approach*"' inglis JE*6o) saya.t 
■let $ , discharge' with still. pond conditions, . ''.^ * ■
and H . * ■ mem velocity 'of approach # ".:.w 4»4
constant
** % Cy< -<- hv.)
0 x (y , >-3/2 .
where -p hv *
(I-*-®) y, (y, +•
= Cufi,?„.a..0.» 35 V ** X iV
2 Jt 5g,2 * *1 . ***'
(i.e.) K = gj62vt.Sf.ft2,
2. x 32.2 ■ • '
then fi+e) - (l + %SI_2_2i®|. )'S
2 35 32.2
• S.. oi
C1 *e* > -e
Similarly* if v ** 7$, * the a. e « 2~ l/® £
* V « 1 * 4 6  '{y"," * e m
and; w v - 2»05'fy'1 « © «:
} I
‘ S '
: thisoeafas ion would eliminated if the: critical ;
.■depth could* in one way or another* be definite iy ku o wn
and substituted in the formal# $ % * a^g x a/h /
■ .:. ;; ;;; ^
If- the water flows in the flame under d rowned e©niltione, 
(i*e**:; If the upstream. level'.-is affected by any alteration in 
' the downstream: level*} the position will he we fee.* It will 
he necessary to-measure both the op stream depth ^y* and the 
throat depth *y2**'.-
the ratio ny2 /y, n will vary in value between 8/3 and 1 
and the vain# of the 'velocity of the approach factor t 
l/"j X ■**■ (If)2 . %  ( f ~ ) Z  f  f o r -any particular Venturi flume'
Of a Mown width ratio *ba/lM will lie between the two. ''
limiting curves shown in Flg.42* *fhen calculating such a 
flamei8 ^ays lngeif 8.35) ** mean'average vain of the
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2.0
14-
1.8
1.6
1.4
1.2
0 4 8.62 1.0
Fig, 42
Limiting curves of velocity of ap~proa.oli factor 
for xectangular flumes
± ^  errori/
15
10
5
Error for drowned flow condition due to considering 
- ?r r'M oan values of vel . of approach factor , 
and iieglecting variations of tliat factor.
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approueh factor,, between its higher and lower limits,- is 
Introduced Into the flow.equation and forms pari of the.■ ■ 
meter’ coast ant#: »;
ffeia'wlll, no doubt, lead'to some error as shown in 
Fig *43* ' for a rectangular florae wit it a width .ratio b2/b, 
of 0.66, which is- commonly used, the error will 'be about 
1C J* 'This is a very high figure, and must b© added to, 
.-although sometimes subtracted from, errors due to other 
uncontrollable causes.-* '
■ It Is - recommended, then, that a Venturi flume should 
be designed to discharge freeIf within the expected range 
of "flew* fhe ideal eoMitions will prevail if the. flume 
could be. used as a' critical"depth meter* ' In either of 
.these eases, a simple one'■ float recording instrument nan 
record the flow*-
( 0  Mj^atla^BgcordteE of the Floy.
: It is out of the scope of this paper to cliseuss the flow { 
recording ^ instruments*.' It 'is ‘necessary* however*' to glre some.,.:-} 
M q o  of them. In order -to. show the tnerlts of the one-float 
instruments compared with those which la ore to measure two
" * •: . ’ W:;
depths*, .
FxsU '44 shows - the simplest form of the - first kind,. It !
is -.just-a float with s. rod* at the ton of: which there is a 
pea to mark the charthhlsh Is fixed' around' a -'vertical. ' 
cylinder and Is rotated by stems of alockwork*. :I
. :'$he d^iiart (fig.*. 45) ’• is -divided as^  tck give directly 
the rate of • flow/', corresponding to any depth*
■fhe instrument' is adjusted so that when the water Is at 
.any particular depth* the float will.- attain a certain level 
and the pen will be against the figure corresponding to the 
rate of flow at that depth*. .
. ' Ihe height of the -cylinder will be a little longer than 
the range of variation in level of the float* If that range I
Is large*' requiring■ a 'very long cylinder, the float*;s rod j
can be.-'made to rotate a toothed wheel of diameter. 
concentric with. .a. smaller one of diameter l?dfS which* yhien 
rotated with the bigger wheel* moves £ toothed rod carrying
.t'9
; the pen* in. a - vertical.'direction (fig*- 46)* . The movement 
of the pen will then be refugee! in w  r>ison with that of 
the float aesorling to the ratio d/B* ■
Sometimes it is required, to' .divide the -chart • evenly* • 
so as to measure the. area bound by the curve- on the chart* ; 
by.;.Means of - a planiiaeter^  . for calculating th© total discharge 
in.-a certain period of time*.
a; In such- a case* another type of instrument is used*
Fig* 0  shows an instrument suitable for that purpose* ■
'I" The movement of-the float: and its rod rotates the
horizontal cylinder oii whose surface the discharge curve
(similar to fig* 45)* is engraved* ■ jbh
jta arm* with a pen at one sad* has the other end
invoiced in the grooved.surface of the'cylinder* The
rotation of the cylinder* duo to the movement of the float*
causes the arm to move in a .horizontal direction* with -the
result that'a curve giving the discharge will h e ;traced - by
the:pen on m  evenly divided chart wrapped around a horizontal.-.
- - ■ ' ' • / 
cylinder rotated by means of clockwork* V
. The flow could be. integrated by simple mechanisms *
w thile these instruments are very simple*, those.used 
for drowned Venturi flumes requiring the measurement of the' 
depth in the upstream, as well as in the" throat* are very ^ j  
complicated*
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F1&-44
Single float flow recorder
3a y «
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- 3-: zi:; •
/■
■ - >*-
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/
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...j. . -1 ...i_ I 1 1 * . i 1 , . 1 > 1
ky
Fig. 45 Q
Unevenly divided chart
Scale reducer
Fig.47
Single float flow recorder 
with evenly divided chart
1 01
• •. One of the simplest two-float Instruments Is shown In 
fig* 43*
. The float Indicating the throat. depth' ^ * is connected 
to * * 11 ey *f.f2 * *. According, to the., value .of this' depths • 
(l*e* t> the level of the float), the pulley will rotate- 
and e-'tsse the ■ rotation' of. the. >s k ? arid the sectors
i, and m z with the result that the .carriage ,m *  carrying the 
vertical rod vq n rill< move horlsontElly to the right from
% n to % , l! (fig* 43a)? rMrh distance. Is proportional to ' ^
The float Indicating the upstream .depth :;**y( n is connects 
to a' pulley loosely mounted on- the -shaft* According to
the value of this-depth (i»e* to' the level of the float), Hie 
pulley ?li\ t! will te rotated* Ihe difference between the - 
angular movement of the pulleys ??fv ,?t and ,nfz f1 which 
corresponds to the- differential head *!y(. - yz n is transmitted 
by means of a -pinion t!c? to the shaft which rotates tae gears 
et , e- and the esrki * d V  on whose edge ..a. roller slides. 
lHien-^gw slides,according to the rotation of: ?rd% It causes 
a sector 1!hl? to rotate and to move'vertically'a rod.t!I*,r ■
•fhe cam ^dlis so designed that the downwards vertical 
movement of'the rochniK will he proporui v 1 to.
i y, — y2 ^8a}*
ioz
<4+ -|3F3r=X-l/K 
•• ft=K.y3 x1[5^
SL Q S{ —
©  ' S T ' J T I  S i
_ a______■ ©_F
I s
A
o. l%J
_Q._ /ti
. I .
-Q--QJ t-p-Q^
Fig.48a 
-The action of the recorder
C a u r t s e y  o f  ^ E n g in e e r i n g * .  
Y . i 4 o ? l \ . 3 6 4 8 , 1 3  D e c .<  9 3 5 -F e 3 -t
F i g  . 48 
Two-float flow recorder
103
& special piece ns n is fastened to simply eonnecied
with, a horizontal rod Bpl! and. pivoted to a. vertical rod ■ l?ti? 
at a .fulcrum
a The rod «t** Is connected with and with' another 
horizontal-rod
np 8 earn only moire parallel- to itself,. '
can only move horizontally along itself * ■ ■
nt? can/rotate round the fulcrum %«', ' which moires 
t -■* rds or do’zwurt's following trie piece !?sn and the rod .|!pn, >• 
since the distance between *hin' and 'wpw is ,i z js  constant* 
Thishdistsosee, which may he called is hie constant of
the apparatus and'is i j ted according to the design and 
calculations* '
. • Fig, 48a snows in full lines the zero position of the . 
different- parts of the apparatus .when no flow :1s taking - I
. . .  : - ■ . ■ •  r
place. It shows in dotted lines the position, of these parts j 
when’water is flowing at a rate of
' As a result of the movement of the different parts, the l 
rod will move a distance' ®j2 n to the right and- a. distance I 
i^fy, w 2^ 'downwards, thus occupying the 'horizontal position ■! 
»p and bringing the fulcrum % t? cH - urds to,the position i 
*V: Consequently the rod «ttT will take the position r;t ,11 
shifting the point lfrf? to%, n with the final result that the 
rod nx u mo res along itself a distance *0" to the left* .
-104" .-:
That the.motion of the rod Is equivalent' to «Q»
Is, proved by comparing the tvo similar trtmgles^ one of 
' 1 Is !1r r u n beaause ,
Ihe'.movement of !?xlf u m  .be shomn by e  pointer-on a dial,
recorded on a shart .end integrated, as sliovn In fig.* 48* • .' . f
There are msny sources' of error in this instrument*. ‘ 1
The error may.,be due to the numerous noting parts :antl their
'relative dimensions* The cam Kdn c.sn'v ry uobably be ■
In 2 curate* .The constant mill only be approximate since ^
It Includes m ' average value of the approach faster* |
i ' Emphasis must hence be laid on the. simplicity of the |
one-float, instrument and its consequent relative freedom /•.
1/from error as ^  y red icith the two-float.-instrument*  ^ 1
Z J L i
*e*J . r r = E X. y2 I d  - 7 Z 
= Q
(7) Uniform Flow
In a uniform or prisimiioal. channel. (l*e*. .a channel, 
having .the same. cross section all over its. length, as well 
.as. -fir a permanent feed elope), if the depth--of .flow is leapt 
constant f rom ’.section to section, (i.e. . if the surface-of 
water .is- .parallel, to the feed, of fbe channel • (fig*49) ) then 
the [flow., is /’uniform11* ■ A uniform, flow may - fee called, a. parallel 
floir* :;;.(fage 5 0) *
)'j If the later surface is inclined the horizontal, 
at a slope = sin**<e , and. i f the feed is inolined- ^  to the • 
horizontal at a slope « sin«*^thenf for.uniform flow,
■ fhe index f*u# attached to any .symbol will indicate that 
this symbol pertains' to uniform flow.. Thus a uniformly 
flowing discharge B will run at a uniform depth ^  n with
a uniform velocity, n and. a uniform cross., sectional area 
’a.^* The slope of the water surface will fee 11 *■. -  
and since this will fee equal to the.bottom slope, then the
is uniform or'not* •
A- - flow will thus fee uniform when the surface line is 
parallel to the bottom line, both having, a slope H$u B ssin^
b — sin-c^  = 5=' sin ^ -u
latter will always fee. designated *su ='sin**u whether the flow
106
raVljijig£Tjniform
a'h=S11.-dx
£i
l l e l j i f f i
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.in which case., the-uniform.’depth will be constant.• ox. la
, j j s  j .
other.'words, dy ./dx='p. ; :  ^ ; P p  ’ I p ’'
Referring., to. .fig.p50.:,and.. considering, .the x~&zis ,to /
. coincide. with.-;t.he .bed., linewaad.i to ..point in. .the direction of 
.flow, '.'the energy-, head at -section (l) and section -.{2} \are ,
respectively? .- ' '
I  ■ /r5V ^ V
e> b , + i t  ande_.='h + 2| . ..'ft*' •P.O* ■ PfJ’ ■■O- e*
The flowing liquid will spend some of: its energy in.-.. 
traversing the distance /*dxn between section' (I) and section 
(2 ) against frictional resistances.
The- energy head per unit, weight lost Is*
de> =  e, - >z = (v +  x l  5 - ( V | I J
hut de = e - ©. = (h„ . xJL) ** (h ~ Xl)2 1 2 +* T ™ ' A
■ *“is» 6^?
Then de„ = ~ do . 
and <3Le*/dx=- de/dx
In .uniform movement the velocity is constant.
(i.e.) /sr = ■.
Then . &e = . e ~ e,
— h •* h ,
2 1
—  - dh .
' =  ** 'dX
This means that in uniform flow all the work of gravity is
_~\ --~z '"\i “V*
^  . - *¥ ’ '
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spent in .0 vereomirsg' resistances* 
From.:the last equation,
; »-u
Beno© de^/dx =
“S-u. 1 .then iBeasuxes the : rate of .loss of energy '.per".unit weight 
of the/liquid per unit length of the canal,... in overcoming :
■ ’ ■ ' p
resistances* ■ r h( . g, f
A*
In 1775, Antoine .&©' Ohesy..-(IJlS-l793} announced.-, his-great 
discovery,. H he uniform flow .formula %  .which gives the ;. 
discharge,..in case of uniform flow, in terms,of the flow .: 
parameters-* ■ - m.
The formula is written, thus;
< = av  cuf^u vs~
where a=' the cross sectional area*.'*u
the hydraulic radius •"M.
= a«/p„
p= the wetted, perimeter . 
x
the-bottom-slope
x '■
O = the Ghesy resistance factor*.
Although .Ghezy made this' notable contribution to the */fef
science, he received, no credit for his work,-as could he ‘ /fy* 
gathered'from the following statements.
^Living on. a small .government pension, as s retired engineer 
of the Ponts et Chaussees, at. the outbreak of the French
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Eevcltttion* thereafter paid. in: wort hi ess ..paper. ..money , Chesy ■'
found himself .'obliged ..to.: sell..the -horae^ fcair .out of.- hie.
mattress,to buy food, in 1755.at.. the,age,of ,.78* ..Aftertraxds,
7in I.797;he was.: appoInt.ed.,Pir eetor,of:;the ..Ecole .des Touts et 
.' Chaussees.,- about IQ. months before: he,;died*-# . . v '  (H,53* ,.B*119)'• :.
. . . From .this .formula, -
K
. but 8^ .= deA/dx' : ■■■-■v
/c* E g  o r ^ ^ / a *  e.^
d3C. .
(i.e.) .In uniform flow, the rate of loss of energy .per unit
weight of the liquid per unit length of the channel, in
2 2
overcoming resistances is equal to /c^  *•
/
The Chesy resistance factor . *0* varies with the conditions 
of the channel’s surface, as well as with.the.values of the \v^ / 
'hydraulic radius and the bed. slopej /v\A&y&$j : Z \
To-, understand the signif icance of this, factor, the origin 
of the. uniform flow, formula should be. ..known*-.
In uniform flow the .retarding force of friction is equal 
to the accelerating force of gravity. The former varies 
inversely with, the ..hydraulic .mean,d epth and directly with the 
frictional, resistances which.vary, directly, as the .square, of the 
.velocity.
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and
Then v 2' x-.f. x 1/H= g x 0
2 - g/f x. E x S
(i • e.} v = e f i a
Many formulae give/the above or other relations more or
St •.Ted&at •* s t. - e te . •; 0h©2y,:s formula is’ the fundamental’ one 
most:used, today*
The factor, lf0® -Is calculated by means of any of the 
standard formulae, some of/which ares t. ■ ’
: The last three formulae axe those .in use at.the present 
time, especially the Oanguillet, Sutter and the .laming ; 
formulae.
There are no sufficient experiments to prove conclusively 
which of.the three formulae .is more generally correct.
1 ess ..similar, to it, among whlch are Chezy*s, Du • Buat Vs, •;Toung* s
 ^Prcny1s formula (l804) : 0 = 1/ 
) Darcyfs formula {1857) * '® 
f" - Bass in* s' old formula- ■
Banning'* s formula (1890) 5 0 _ 1.486 x R
'Basin! s new formula (1897) * 0 = 157*6/(1 + m/ —  \\ r* f
Gangaiilet andKutter (1869) : 0
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■.".The Clanguillef & JCutter1's, formula-, is. generally most ■ 
accepted and .telled upon,; owing, to;; thegreat;, amount; of ; . 
experimental data from .which;.;if- was derived; and.because it 
.takes the effect .of. the,.bed'slope. BSfl .into, .account*., . . ' . ' . .p . - . ' .
, nevertheless, Prof*. Unwin {B.1B7., -H-IO?), said that it ■ 
was purely -empirical and very;.complicated., andhad no particular 
advantage ever simpler formulae*
**An examination of, the values of 0Ofl as given by Gutter’s 
formula0., says Hindell (B.86,. 1 *176) , Kshows, that for surface 
slopes, greater than 0 *0 0 0 3, ■ the ;value;, of nQ® is not affected ■ 
by the .slope* It .is these slopes which are generally .; 
■encountered: in practice. Hence, except, for .flat slopes, the' 
Hanning formula may be expected to give identical results 
with the Kutter formula.n ,
' ^ Because of its. simplicity0 • he'.adds, 0the Manning formula 
• would'appear to be preferable, as: whatever difference there 
may be in the results obtained by the two formulae, the 
difference is well within the limits of . uncertainty of a 
proper choice of. in all practical cases.0
JMs is supported by the statement of .Sir William 
Willcocks; flThe simplicity,-the regularity and the easy . 
adaptability of Manning*s formula, mark it .out as one of the 
best formulae of the day.0 (a. 57)*
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. -Being ..impressed by .tliese,.opinions,, .the: author;.pref era, 
for., the.,uniform flow oomputations,..in ..the. present- work, to use 
Manning’s formula* e ’ 
therefore Q. - e a Npft x  & ■
*n ^  ^  V "U- ~u ^
_ (i«d8 6 x } x a B /2 3t $/za ** -u. Tt -u
_ 1*4.86 x a EVs S Yz n -«*.
'■■ ■■'■ '
.where the value of % r is given (B.I4 , p.J^ ). as:
■s* ' ' ■
D*Op0 ’§ .for well planed -timber in, perfect .order andalignmant* ■ 
0 . 0 1 0  .-for.-piaater- in pure cement and other glared surfaces. 
0 . 0 1 1  . ;for. plaster in sand and cement’ - 
-etc.
. - in.. I$l6 , 1* A. Barnes, with the desire, as -mentioned ■ 
before,tot, eliminating the.- difficulties, due/ to • the variation' 
of the 'coefficient of .-.discharge or .resistance factor, experi­
mented ■'■on different channels ■. and pipes and. derived-the ■ ' 
empirical■ formulae shown, below■.{&•.1 5 ? P*44)« ;
(a) la .clean planed wood troughs or flumes etc*
0.660 q . 5”86
. Q area x 2 2 3 * 3  &. • S -
(b) In clean neat "cement channels 7
o. £j>5 0.484
, Q = area x. 13o*3 S 8
(c) In clean smooth faced.concrete -channels.. /
..(d) In dressed masonry channels in cement with no- ;•
", projecting surfaces
a. 7f'5 o.  483
%-=n area %. 109 ♦ ? ft ■ B 
fixe authorcouXd not find one. rsoesmeMation fox the.use 
of these formulae any where, in spite of Barnes1' eonfidenoe . 
in them* - . " ■
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v-H,': (8).. vUniform, Critical Flow
and Critical Bottom. Slope'.in Open Channels*
It was' shorn, in the preceding section, 'tliat- in uniform
flow;
in other words.,, the flow will fee' uniform - if I ■ ■
«-C : a x f R x f s  
° r ’ lf «f=p2 x & x a x s.
According to section 4# the flow will.fee critical if;
Q=>Jg x ®3/b
2 , f a t  T.-A.
or, if ^= ,g i /fe
Obviously» the depth of. flow may fee ^y^ n while the 
stream lines are parallel to. themeelves, to' the free surface 
and to the bottom of the channel#. In such oases the flow will
fee critical and. uniform at the same time, and the tm equations;
2 2 2 w  ^
"■'.v. Q = C a H. S.
and ■; Q2^  g X a3/fe
(in which #c, a, R, fe?f correspond to the same, cross section,
feeing the bottom slope of the. channel)will fee simultaneous.
(i.e.) c a R S = g  r. fa
and s = g/ozx a/to x 1  ^
Therefore, In a channel of'any. cross section, passing a certain
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discharge: If .-the depth of :;flow is..;**y, „V/while, the ■ ■
6 0  rres|)OE<iiBg r ©si stance' ’factor, cross sectional area * 
hydraulic radius and width. of - the- free surface are successively 
cv r al , , B # .'and..b t the.;flow at that., depth, will-be 
simultaneously .uniform';and critical' if the bed slope is: 
g/o,2 1  5/t, ^ l/l, 
and..then . $i = jg x ®V /b ^ ■ #= & / ( § 5 '
Ano ther. die charge . ■* will, flow in a uniform critical-state'
at a depth #y^ * with corresponding resistance factor -.^ c %  ; 
cross sectional area ■ % #. hydraulic radius ®Rz® .and free , 
surface width * V  connected toy the formlaes 
o ^iij x S j * V  ■
and • ■ - g £ aa /b^
if the same channel had a bottom slope:
- 8Z= g/o* r aJ t 2 3tVH2 
UB{ ft arid *S2# are called ^critical slope# and are designated 
fcy>S^;-« and
A critical slope m y  then be. defined as the slope which makes, 
■uniform flow at a particular depth critical.
Using Banning*s formula, (see- page ua) for computing . 
the ¥alue of *0 %  . ■ •
i t  » // *2 . 1 /  A
then ■ ■: S ~ g/( i&iSo '■* R ) - * a/b x 1/E ^  ^  ‘
. . ^  ■ n ,, . f ; .  ^■
L##1 ■ ■ . ■
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14*6 n2 ■x ' j (p)4 / (a b3)~
14*6 n2 x .(p/a)1/3. x.(p/b) ^
fhe critical slop© varies, then, with nn* (i.e. with the 
-roughness, of the channel1 & surface)., as w.ell as with the
relation between' "p, a,., aad.b,8 (i.e. with the .'form-of, the |
cross section*-) ' ■
Since Bp, a, and b?f are, generally, functions of the depth 
®¥ni  it follows that the. critical depth ..is a function--of. the !
depth "y11*
A curve WS ^  function-of y f{ could then be traced*".fhis 
is called the;'"Critical slope .curve"* - [
For every particular cross section there is a characteristic; 
critical slope curve, which, itselfvaries with the state of' j 
roughness of the bed and walls, (i. e. with the value of '%"*). j
Examples of critical slope curves for four different - ' I
cross sections with different values of B&* are shown in , |
fig. 5li.'(R. 7 - $ F* 17,-319, 320,-321*5
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Examples of critical slope curves
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(9) • . Taxied. .Flow or .lon-Bnifoiria, flow 
in Open .Channels* "V:-/■■.
In 'this- type-of flow,the. water surface is; not parallel ■ 
to thebed, and hence the depth of flow varies from section ; 
to section* - . ..
Eons sines ci qualifies., a-flow, ms that shown in figs. § 2, 53» 
where ..the. change in’, depth happens smoothly,-as,1 slowly: or 
gradually varied flow. then., the, change, in depth ^happens 
abruptly in a short distance, •' {figs*. 54#.' 55) > flow. is. 
usually, called wlooal. phenomena .flow®* -
Ref erring- to fig* 56 and following the same.-steps as in : 
the case of.-.uniform flow, we.finds ■:•'
*- de - (h + Xu) ~ (h^. x^ )
2g £g
Then
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■Fig, 52 Fig. 55
Gradually varied flow
Local phenomena
1 ■ 2
dh
v///>W.'
dx
datum line
Fig- 56
yon uniform flow
- tn  the ease of uniform flow* the rate-of loss of energy
per unit weight per unit length was found! to he equal
dX •
to. 'f or In other words
: fie^/dx = v p / s t  X
:• ®The rate of loss ■ In varied. flow, at,a certain depth 
suys Bahhmeteff*' (B* % IV2S)* nmay he compared with : 
the losses 'which would tshe plane In uni?orm• Movement* ■ 
provided the same discharge were flowing at the same depth* . 
•and hence at the ■ same .average velocity*. 1 ■=;
He adds that the losses ■ should he different In. the two 
cases* owing to the different distribution of ;velocities 
oner , the cross section* and to the effect of divergence and 
convergence of flow on the degree of turbulence in the 
flowing liquid*
; But practically, the change of depth in channels, 
usually happens gradually so that.11 the.picture of movement- 
at a certain depth cannot he very different from that which 
would.he tshlng place under similar conditions In uniform
flow#.11 - , . .
Accordingly* It-Is acceptable to- assume ttat the same
rate of resistance losses for a dx&cncixge Ho»:..xng,  ^a 
certain depth whether the flow is uniform or gradually 
v r'flm, and an Identical expression for that rate of loss.
of energy ©an therefore' be used* in both •eases,
■ deA/cix 'S? g « y 2 . .as .'■ o2 -• ' .
e*R". ■
where-. S ■» slop© of., the free surface* :
Going bask ' to (fig.* 36}’ where we found
S ® deV -frd :(t2)
. to ■■■■ ; Gx 2g ■
we now substitute t?deA?r by to*«.
: dx - . - ■ '
and, then 8 —  w2 * (to)
■©*■&■■ to • ;2g
fhis . is the ulassi^ai form of the -toaried flow equationn 
':\ WTm  1(f%g&* :37t 53) we m  sec that ■ 
to sin°y« to sto<to-*- Gy 
; siW*? s i n d y / d x .
(i*e«) : S ;s£ Su - Gy/to
It«  a. - g  - j t  * 1_
ato
G L  + & - (of* 1 )
*5 li 2 F  w
= a* + n  (- 2_ * fia x dr )
s ** *B  ■ 2g a 3 cly dx
i
f(r
w-
: * S„ xfaa£a&) “ x £_ * 4z (Fage73)
Va « flT ' g - a> ctx v ' , j drf
S„ fl- (aailsJWf] s 42 T1 “ i f  x W  '• /V.%-; '/'
/
? *  ';
■; fr-'  f
hto" a
[l s&2ails)Z] = SX [ - (2- * V I
i_ va is iE ' J to ■ g a J f
■
• ✓ /? 4 W
Therefore dj = S x 1 - U  .eELX.  ir £ W  : C
15 >  1- S F T l ) ■ ■ 4
^  •a. V -1 .4*", H-
c, \ / i «$f. n / n> >. ■ v4j V. to  i. 4 .f'J / w
' S?"k 1hi
• f < H  W i t  v, '<-A t * v j7  * 7O’.V lit .;■• ,* /> «•
.'0*^  ’ rto'
-dy
dx :s i n«*'
dx'.sin°<
W m M /m f/m t
y
JSj
Fig 59
P.'hange of specific energy.
123
. -Jhis.is the differential equation of varied flow in 
prismatic / charnels, which,' by integration,,' gives the' depth, 
of'flow *fy? at any distance'' nx n from a sho sen cross section, 
the depth of flow of which Is taovvu ■
; fhe equation of varied flow' could be arrived at by ' 
studying the change - in specific energy in a flow*,
* was.stated:before, the-rate of resistance losses in 
a uniform flow is Q-V&m B-u units of' energy per unit weight 
of the liquid per'unit length of the -darnel• ■ (Pags.no)* 
Ihis.rate of loss is exactly equal, .to 'the . rate of. - gain- of- 
energy due to gravity* - 'The resultant ’will then be bero, end 
the energy contained by, or. stored in, the liquid (i*e* its 
specific energy), will, neither increase nor decrease when the 
liquid flows from one section -to another* ■ In other words, 
bhe rate of change of - specific energy, in uniform flow is 
zero* (l*e*
’S s  ;3S 0  ■■
cix - ■
In gradually varied flow, the rate of loss of energy 
due to resistances is o V a h V k p e r  unit weight per unit 
length (pageu). The rate of gain of energy due to gravity 
is still W / S  R«* this ease, the two expressions are 
not equal. qVa* et B^ may be greater or smaller than V  
(f/a is’B., according, to whether the depth of floir^^greater 
or smaller than the uniform depth «y*«, and energy wilfi.' W;
ftei be added to*, or draw.'from* the specific energy,. as the
. B s •/**. 7 * Q2/(ae x 2g) /,
and €g & - 1 - (qVs ic h/a3). 
dy '
■ fhe change of speed fie energy between" sections I..and 2 
(fIg*.-: 59) Which 1st :
;-W||s x dx ■=* - dIU
dx "
.is equal to the change, • on the specific energy diagram'
corresponding to a change- of depth M y ??, namely -
-*■ 6Ms> ~ ** dHs x ely ' 
dy ■
(l*e*) .Is x dx * jps x dy
liquid xlofts from section to section*, Ihe rate of change of 
specific energy will then het
/*2 *.2 2 _ . ‘ . . 2. 2 - 2 1 * ■ ' r '
In (page7 3 ) it was- stew that*
z
Therefore dy * dfU / <pb
dx dx • dy •
fhis;-is, the same egression obtained before* 'but with the 
physical, reading' of the .numerator and' the el.enom.inafor clearly 
understood*
■ dfwo main features of the flow could, now, be - easily - a:.
€ 1 Lned* viz:. :;
(u), x #  value of ffdy1*' will he zero* ■ meaning that the depth
of flow will remain constant- from section, to section*=; ;- 
when the value of- the numerator to the above expression
: In other words* the depth of flow* will . remain constant ;
., " . only in the case of uniform, flown - ■
(b) The value of fldv» will. be infinite*, meaning that the
dx
surface of water will be vertical* when the value of the 
' denominator in the above.' expression is zero* (i«e* vixen 
is zem* ) p  ': T h is will happen oiily in the ease of
' ' /  ;  ■' X ■ ■critical, flow (see. page .72 } * •
In other words* the free/ surface will be discontinuous.*.
. . in the ease of critical. flow* a phenomenon .which takes 
.place in nature in the form, of an hydraulic Jmmp* .
 ____ 2.
■ : i;h8 expression! ■ dy/dx " x 1 - '
& v- *
could•be written in another form*
is zero* (i*e* when f?dEs.f? is zero)*: This will hr'.pen
; cix - . . .
only in the case of uniform flow (see page 247)
IS 8
A s. shmm in (page 11 s j
s x p/to)
(g/s=-x p/ y  x Cap
a3
(g/g, x p/a3) x (ap b)
C-r-z x p/e) * A % )*- JL_2  a .
$ a
= (_S__ ) X (a3/ }
■ o*a«» b
Then b_ = i i  ■£___
a *a*R8 .3z
But - X, (a^c^Rj x S
' /
■ * •%,'r,>  ^ fe,
/* + fa-
. 4 /  ■'
Therefore Q_ x p_ - (l/S^x g/aaeaR) x 1/g (aps^ R j x  So
g
fix x (ik&JS±_l
a a fjT 7
S :
t a n. G mA 1 m. \
and finally dy ■« % A ~
dx ' ^
1 - Sol x
'G 17-(" V
■, A
it' ? I.
h* ^
.. K  ^
whieh dx •* i:x cly x
c* . AAsi| •wUfiw--' ^
' 5ct \ a s
u .  c  n  U ~ u l
i
V
/
/
i A / M Sa S ^
> a. e fit- /
Xfff#
BfViding’ fcy 
dx
cCk'"-0 •)'
a e
B iK.
X a a . . 0 i
r i'‘ v
m i
»*—■
£ j i __
Subtracting i from-and adding i to the jaar&erator then*
dx ■» ~=-& a.
fc
vf* v
isr) i] + (i
a . 0 r w  >  
T O
<o C l .
1 X
W_ dy x  |~1
+-:
g H
, | j
a u. 35 [«y + c -  jfer)*
dy
/a e OT \a
■faT T O r S t }
it in this for® that :tM;varled flow equation no-alt 
easily he integrated, a a follows?.'
fhe value coulcl he substituted Ay the value .
ffnH. where 
in the next section* O. "V, • k*. ^
n
Also *•&»* can. he suVstttated by and then  ^<y«. ^ , . f
■ dy ~ jv d~L 
fhe last expression coaid then he written?
K
■A\
a% - A  % [^4 - i f  <i - | £ ) x
n a? . »
S u. ■Gv*
value of
<7/’ -ij
o
■ varies with; the value of the depth -fiy*-,
CA,
hut for a short interval *dx%' the. ■difference in the value
fl 8
of |ih, f ices not vary substantially* and an average value
of 'ft” or an average value of' (l ~ | y  could be used sad.
assumed to be constant for-the interval ,the depth of
flow at whose' ends are ^y, n and. ny^n*■t 
Therefore dx - I ±  ] .&°£* (l ■*. '§£ > % " '& "■oL'fl
a l_ v " . <2 „  *cooi yf—  j * 6vy’ -
-' “ *■ ?*
and
w  - x r f t  [c^r a) + d - - - f l u  ft,)]
*• fe  ‘  f t ’ * & - ltu *< x  £  - < £  >]« XiS.S
(see fig*
The . values of \ d *L. « 4 $ ]L. . can be calculated' by ■
using, the infinite seriesr
“ I t  4* ”f“ ***** * * * (T)
or a:convergent aeries by. putting ■ '’Z  ~ i * and -n s V2 ©
or Fencelet formula ■ for approxtmate integration <D
or an infinite series by making 1 - X* ~ ± & ' ®
according to whether ^  is leas or .greater or nearly - 1* ;
.The values of - J ~or-a series of ??nn values
covering the whole practical range have been computed. by - 
‘pV>Iv*nteff (R 7#- F* 308) * These values are copied* .by kind 
permission of Redraw Hill 'Co*, and are given in table VJXT
in the appendix. •
‘■ An the case where the .distance between ' ®yx 11 and ny^ fI ■' 
is- very great* • such that (or if) the difference in the values 
of (i.-~ corresponding to. 11 y, n and ny ^ n is substantial* 
this distance, should be divided, into a convenient number of 
smaller distances* -each of IJLch is- calculated as shown 
above and then added together to obtain the value of the 
whole 'distance*
(10) Channels with .Horizontal Bed*
U < \ -
■ ■ -  - ' - v : ■ V - ’. /,>'•)
The varied flow equ.ati.on givess . , - • / i f y
dy/dx - S, x — fl-JSJE-JL* (/
i  ~ f l  w- " : , / A  v ,
at .gy.fU^ ^  ' i  v . iv^V"
from ’ xi h cly/dx - o a H -... - . L "
' X .. x i ■ ..
g a.3
■ *  (S„ ~ \ /(i - £  3C-IL. Y
* . a* is*! ; n - • g' a 3* *
In a. channel. with horizontal bed ff s ^v As zero*
Then o\ dy / dx ~ ( ~ amehti •) /■ ^  * g ' x ^  ) 
The.flow would be critical if
Q «, a ^  g x a/b *
2~ a
or ■ C:£ .gx' yb
(i»@*) If a3/b = qV s
When the flow is uniform, then .
q 2- » (a^o2H).x bottom slope*
In the case of a uniform' critical itaigflow .
Q2 -« {& ® B) x 
where ••••fa, e> B, • are: all functions of the depth ofY
/
Therefore a /b = A (a^ sf E) x S<^
o
The value of this • expression is variable.* depending on 
the' value of «y*V-
It should be borne in mind that there is a different 
value;of for each value ■ of .-Ry%'' (see fig- 51)1 il
special case is. one ihere . . . . .
y 2 I .. the value of which -could, be obtained free the
<V L- r
formla.E ' .
3  _ 2.
, raii; -S2 1L. 
b CJL- S '
where. 1 a ^  and correspond to
The critical slope -curve for-the particular cross section 
and roughness conditions of the given channel* (e*g* fig. 51) 
■gives -a particular value for a critical, slope corresponding, t
Let. this particular critical slope be designated by «t
A special case of the expression 
. q* ~ (a*'® B) i  ^  
could then be put In the forms.
Cp = (al_3p R j  X 
where "e^, ana sh" all sorrespanfi to ” 7 ^ " .
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file varied flow equation for a channel with. a horizontal 
bed :eomld now be substituted by:.the expression.
-  : I 2- 2-&X '» (—' S' ■ X .&.SfoJ8L^ JlSb.
d x a" a  R -
b 13z
2_ ,3_
i jh££iJL.<^ JIa*: ■
■or d.y "s - S.. -a*- a2" E -ds; ^  X — -r- —  ; ;
t_ a.^.. e ~x. R.«^  x 8:
R x
•2_ 2-
•a2- u R x S.
; / h ^  .w  V- a ^ :c ^  H E ' ■ ■
Multiplying both the numerator and the denominator by
2- *V P-
.. u  $ . E  _.T we get
a*"' cay ■ ' ' /h ' ^  i
-  „  , < £ _ * _ S .  - f ^ A  1' ? ? «
«*- "* '.a ■ e 'R_ " S'.CJI aA. cn_
c^l_ CJ»_
If log (a s R) Is .plotted against log (y), a straight line 
Is usually obtained* ■
/  2. *2.
If'the x-axxs represents log \a s 1) and the y~axls ■ 
represents log (y)# then the Inclination of the' logarithmic 
straight line is given byr. ■ ■
(log y, - log y, )/(log E  h  w -  l°s a  a  R ,) 
where ,!a , c end R n correspond to «y, »V 1 ' _ .
and "a ,.e 'sad R » correspond to
2- 2-
133 '
I,-If- this inclination is given an arbitrary rains
flfr then 1 - (log y - log y }/(log a* it B ~ log a* it H)
n : n . ■ '
= (log £a)/(log 
, y, a,1 .c* B,
% 1f':is called the t?hydraullc .element11• It fr:;;mi3.es different 
values according’ to the form of the cross. section of the 
ci-rmrl as. well' as to the- roughness of its surface*
ylo give .a rough comparison of the value of ^nn for 
’ different forms of cross section,. assume that nols is 
constant, to eliminate- the effect of variation of friction, 
vhlwh is -comparatively small*. -The values of -n?r thm becomes. 
n ~ 2 for. a very narrow rectangular section, /
n •* 5 for a'very wide rectangular section*
n ,35 4 for a parabolic section* . ;
n - 5 for a triangular. section#
Sections of any other form have intermediate values of
(i*e*)n l©g(22,) = log (%tjT 
7f J y J
~ log (a V ’Sy ff.v)
al of- h,.
Therefore (ydt = U E B» 4i
- Vy.7 V  W  E, ' /*
”n ,!.
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VpQie last' expression of the varied flow equation can 
now.be written as follows:
or
sl*j» dy x (C*U - xH)'
o ': ~ ( '<** -: xZD
•O * V‘ •rr t lV ca. , ^CA_ J CJx-
/ * * •  f  f i “ | q
Putting 2 _  * I
■
then-; dy ** y *$T
Therefore
dx - Vc^ _ x CbU - Y*} dX .
- : . bk ' . B<^ ;. .;
*2aw.' X (sS..s2I - I1" ffiC)
• ■ .fc> cjc B cn_
sna 0. (ax = (2^  x (sh.cor - fax) 
J J
x « - x ( f iL k . a x  -  j x 71 ex)
S'„_ J s«c-.
implying this to an internal of depths between 
j »-y£ and y. ® y^ (fig- fit) corresponding to
■« Y+hW
i
and T r = y^ /y,
and ,'assming that; {jjkJJ . is an average value of
\ t. ri.* r 7
(•■Vn ) within the interval, then
S
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~ ( x ^  ~ x) or (£^ . -
: In illustrative example given by Bsfehmeteff, (B 7* 'P*I37)*
is .presented-belaid, by- kind, permission of the-publishers, with 
a .minute modifications; . ■'■ ■ ■
J5E». It is required to determine 'the surface - curve of water . 
fl iig at the, rate of 200 wuseus in a - channel with horizontal 
bed, of 5000 .feet length having the 'cross .section shown in
fig* €0, assuming that the level of’-water at *?Bn in fig# .61 is
very low, sow that m  hydraulic drop tabes place at section 2,
the depth lry\ l? at section 1 being. 6 feet*:
To simplify this problem, with practically no error,
»y « is assumed to be equal to the critical depth 
To .find uy  fh we havet<x‘____
a = c / S p W
:=s
>  55.5
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Tqt the given cross section, when y - J ft* then 
-h » 5 + 2 x 5 s XI ft*
arid a ’* 3* Sj &JUL. '24 sq* ft*•*
Than ap/b * 24 x J 24 ' W  55,4
Therefore ’’y^" or •l,yt ! can. be considered 5 ft.
The value of the c r i t i c a l  slopes 8^ = jt. x-f, can be 
obtained from the fo llow ing  ta b le , in  t i t ic ’n the value of 
*s^J> corresponding to y  = 3 ft. = y , is "s^n, the value
•I'” is 0.002J2 and
y ^ / s l  ~ 3/0.00232 
= 1293 feet.
(TABLE III)
Characteristics of the cross section shorn In fig. 60
3.00
3.15
3.50
4.00 
4.30
3.00
5.50 
6.00
13.46
13.90
14.87
16.28
17.69
19.10
20.57
21.95
11
11.80
12
13
14
15
16 
1'7
130.0
150.6
152.0
132.7 
155.5 
134.3
135.0
135.7
g/V
0.00190
0.00189
0.
0. 1 1 
0.0 iQO
0.00179
0.00178
0.00176
p/b
1.223
1.280
1.239
1,252
1.261
1,272
1,282
1,292
S
CA_
0.00252
0.00230
0.00228
0.00227
0,00227
0.00228
0,00228
0,00228
■i*s
tGJ#.
1*00
1*01
1*02
1*02
1*02
1*0-2
1*02
1*02
For the given cross section, rhea y = 3 ft., then 
' 'a* 8s" B = (24) x (130)*’ x (24/1546) A,/
; = (4i65)z ■
Wien ’ y - 6 ft, ,
then W  f  E =‘ (6 6 f  x.'(1 3 5 ,7)*' x (6 6 /2 1 ,9 5 )
= (15530)"
Iherefors- the hydraulic exponent for the range, of depths 
between 3 end 6 ft, 1st-
*= 3*3.approxlmately*
31 = log (15500) /log (|^
Hoip dividing.the range of .depths' into an arbitrary number 9 
and. applying the formulaf •
y - *  - a  * i f e a * x ci+- v  - g y y
or I a -  = 129? x T f s k - K  _v x  ( c i y ) - ( a x l L ) ]  ,
' /  • LVg cn_'~r V 4 ,8  J
starting from the drop (section. 2} .as origin, the distances
between every two consecutive depths can be -calculated* These 
distr o are 'figured in the following table, as well as the 
n-c from the origin of every depth*
The surface curve is plotted in fig* 6l*. It is not a horizontal
line at all*■
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^11) The Standing Wave,.
The Hydraulic Jump, 
and The Flow Criteria*
.. It was -.eaid 'before that la some circumstances, the ; 
Venturi flume is called the standing wave flame* The. 
present work may therefore seem incomplete if it does not
refer .to the- standing wave*' This is going to he attempted - ., 
■very■'briefly"’ in this chapter* v
is: .defined by E* B* Sherman ■(R*X15r: p*Ig&) *th© standing/’, 
wave is;, a wave which persists to form at the' same place**,' ",'
*The standing wave* says tinf ord (B*93, p.584) *is \
.similar; hydr&alieally to the sadden expansion effect in closed.-;;, 
pipes where a rapid diminution, in velocity is accompanied by a 
loss in energy* / This unknown loss in energy precludes the;/ -. 
use of .'Bernoulli's equation for calculating the height of the B. 
wave**
''./’/A* H. Gibson (£U46# p*.233J says that any calculation for 
'determining the head loss across a standing wave based on 
Bernoulli*s equation will give erroneous results*
' .In explaining the theory of the standing wave, 0 . 0 * Inglis 
(B*69, /p*1g) said? ■
«fhe formula connecting the conditions above and below the wave 
is generally known as the Momentum Formula of flow, and is 
based on Bewton^s second law ■••■'that the rate of change of
momentum is. proportional to the impressed force, and takes' 
place in the direction of that force** ■
F* y* Ingel <1*34*) says* ■■
*■ In the region of rapid flow, a hydra alio jump (standing wave) 
appears in the divergent or in the following part. of ■ the' 
channel **
It seems that, to all these'writers,- as well as ma^y -others, 
the; hydraulic jump and the standing wave were but one and the ;' .
same thing* / )V -B
. :■■ ■ ■ 1 e-'v ■. /- ' ' '- ■.■ .-■■ ' V . ■
; E* B* Sherman (B*lll, P*X2 S)s@yst
./^ fhe -hydraalic conditions necessary in „ad^open-channel for the
■ - - ■ . / ' 
formation of standing waves -are that' the flow should be between
,.-■ ' "N. "\*B'
the critical and the (neutral depth and that the neutral depth
i-r positive' and ® o r ethah thef cr1 1 xcal* - In the case of ■
truncated falls, sluices,, -orifices,;- the standing waves form ■' ■ 
■when'the water level in the open channel downstream the 
-structure has got the supply level at or below the critical ;■'. 
conditions -of flow of the stream*:. When these conditions' ere. 
available* standing waves form - always more than one wave*; b 
Water' splashes back sometimes at the crest of the wave* when'": 
it is "of ten mistaken for a hydraulic; jump* 9 He defines the 
hydraulic jump to he a phenomenon where there Is & distinct 
jump of water accompanied hy sn impact between the rapidly 
moving stream upstream and the more'slowly moving column of;
water -downstream of the. jump#
: *!fhe hydraulic conditions nesessai^ for the- formation of /
the Jump**.'he'says* Hnre that the flow upstream of the jump 
should' .fee" fee-low. or itical conditions of flow*-, and that the’.flow 
downstream of the jump should fee",above the critical conditions 
of- flow#- fhe neutral depth should fee .positive*. lhder,;these 
oonditions only one jump forms at the same place for the 
-specified" discharge and ■ feed slope #-8.
The Gonaition that the flow upstream of the jump should 
fee'i'feelow critical* or. that the.velocity, should exceed the h-;;;;;. 
critical..velocity in order that-; the jump may form* was .given'.-';;/ 
feyhinglis : f #1 1 } as a condition for the- standing wave ;;;;.
.to form.* ’ . He sayss
^for a standing wave to form.*, there must fee sufficient head 
evaiXafele for the velocity at a- point fealew the controlling . 
section/to exceed the-critical-velocity**
K# B. Sherman insists - that. the standing wave and t h e -’ ■ 
hydraulic jump are two different things# - He; says* - 
*Xt is concluded' that the standing, wave or waves are formed 
according to Mewtom*s first-law of motion (i.e.} the 
Bernoulli1 S equation# il wave is always unstable and there;.;, 
is no destruction of■ energy** ; He adds; 9A hydraulic jump -, 
takes place -according .to lewton*s second law of motion <i*e.) 
the momentum law# The hydraulic' jump Is the most efficient .
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f of,- wave- for the destruction of energy,® ,
■ \-/la-nearly all 'the ■ r m m %-investigational the word 
^hydraulic imp® is-us<H#./.while;-:the word ^standing wave* is . 
very/rarely seen*
/•\f-';':;^fhe'iaeoessasy condition for the module .condition of 
weir or .,an orifice#® says I*. B> Sherman* .*is that the f low'of ;/;' 
water.: following' the control section she aid'.'have an adherent'■■>/:-.;v 
hyper or itical jett (not "liable, to' pressure inflat ions 
The^e are the very necessary conditions upstream of a hydraulic 
■jump#/. ■/■;'fha jet upstream of a wave is unstable* ■ fhe formation 
of /a splash or a wave1'is not therefore-a sufficient guarantee/''/'' 
to./indicate the module conditions of the'discharge measuring 
devices*»/ ,
’■■' Should not .the ® standing wave' flume * then b© called the 
m m m t l Q  jfMP -fwm ■? . It is to he mentioned that this was:. ', 
suggested before If2 0  in India# but the suggestion was dropped*
. By. means of a hydraulic - jump, (Fig*$2}* a flow passes i n - 
an'abrupt manner from , a lower stage ®y 0<m^ ., * : corresponding , 
to a point * a* on the lower branch of the specific energy ; 
diagram' to a higher stage. #y * corresponding to point-'"/.
*b* -on the upper branch of that diagram* p-
it the . lower stage -the flow is rapid and the energy; in'
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feinetic form' prevails* '
. ... . In the jump# the.rapid flow is transferred Into a 
. tranquil flow# and the kinetic energy into potential energy 
which is prevailing on the upper branch of the specifio. ;■ 
energy dIagram*
■ Similar to many' other cases of fluid dynamics in which/ :/
■ one. teals with, ahrapt variations in the form of. the f low,*-.':;;
.■.sayfc;'.feakhm©tsffi (B*§# P*6$£)t/V *a/comprehensive solution is/-'/^By/ 
reached ; by .-applying.*- -{as first/suggested by Belanger)# -.the'//./ 
momentum principle*
./;\/V:;;fhe-/particular advantage -of-using the momentum principle' /" 
is'that; for any force everted by.-one particle upon an adjacent 
par tic ,le there is- an equal and opposite force exerted by the 
latter upon the former. ~To sum .op these pairs of internal ■
, forces /which are equal and opposite#. will nullify each other# / 
so that .the final sum of all forces is reduced to the sum of . 
the external forces only*.- 
'./■ “The phenomenon of the jump depends entirely on.the action 
of gravity# which expresses itself, in the■hydrostatic pressures 
and causes'the'change of the momentum* 8' <B* 9)
/.// fhe effect of friction is insignificant. compared with' - 
8the highly disturbed and turbulent motion.engendered inside 
the. liquid body in the roller and in the -expanding vein# which, 
naturally results in pronounced'losses of energy# in the.
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contrary to the flow in pipes. where f ric%ionaX ■ losses prevail*, 
the source of. the origin • of which Is the viscosity* la the , 
-last case, two flows would fee similar-.if the ratio persists ./■• 
between the inertia {mass times m m  legation in the Jfewtcmian 
equation of motion) - and the Viscosity*.*- (B*9).* Hence ■ ':,; 
Beyntol€*s memfeer
where h.v a velocity in ft/see*-:
fhe ■■■■•
X. ..**»■ . double ;or twioeAhydraulio mean radius in ft* 
ft . 4x area of cross - section/ wetted perimeter* 
'. V ft kinematio ytisoosity in ft2/se0> . . ■
viscosity in ife/flusee* , . h
. .:■',■■■ f° ~ ■'density in Ife/fA.
Reynold*a .number is a dimensionless qu.an.tity, ' Z%. ■/ ■ ]
indicates similarity between flows in a laminar, (stream., line),-: |
motion or in ter feu lent motion, ((l.»e«) when friction and-viscosity |
change ,in the state; of flow from'laminar to turbulent or the 
reverse* .
;.;vVWhen.r on the other hand, the flow is fundament ally • 
■governed fey gravity, another diaeawionleee quantity (ccntaining
H
play "a'major part. in the flow*} .
. . i .critical BaynoMf:s • numfeer;;Of; afeout indicates a
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*g*} fro® which the viscosity disappears# is used *
. this dimsnsioaiess quantity is Ffopds*s nmmher*;. V /'..
where ■ y m. velocity in ft/seo*
:;.g« gravitational .acceleration in ft/sea P;' ^
and . ■;:. » dap tfaof flowin'ft** (in open channels)
•That .Fronde* b ntnahef has special meaning-in connection
with non uniform flow is' evident-from an examination of the
It can he said I then* that water flown in a channel,at 
of helow critical depth If ?roade*s M r  Is e<£aai to. or greater 
than unity* ixi which case the-flow is rapid*
'■ A-critical Fronde*n number of vala# iindicates, then# the'
. .■• . . j ,# . * f, •.■■•. /:.. 'h  /' v V ”■' -*4-* /-} W "* j' jf
change i n  the state of flow from . turbulent to' rapid 'or the -; 
reverse*:
■ It" could he conolMed that ai^dr&olis jump will formif: ' 
the jet at its Upstream has a depth less than the critical or, 
in'other ..words# if it has a Fronde1 s number equal t o'or greater 
than unity*
: Instead of Froade*s numberj'./Bs&hmateft used what he
called the «Einebic flow f a c t o r w h i c h  Is equal, to; the-tfquare
from which *p**" *,|.ig-* is equal i*o umtjf *■■ «*<*.# .&»*«“»*.
av,'” fl!,a<ftn for the critical depth
14?
\the.■wvan&e number«' This factor in twice Ifee ratio of the 
kinetic and the potential energies of the flow;
^  * fr X <™'} 3£ (i)
... ■ ~  ? r
H/ f^l is  sometimes ca lled  the- # k in e t io ity *
&ng«l'-carried oat some tests (B*M) the res hits of which ■ 
showed, that *t he _ change from tort a lent to rapid flow was 
found .to go our at' 'values ' of the .Frcude numb® r less than, unity*H 
•these' result©*.* he -says* . «sfeo#';tfeat''tfceJFroude nnmher..-is'-hot".a; 
suitable criterion of the ■ state- of flow*. It was foand^-:--h.-h^-;;;v’:': 
howeveri that an expression somewhat similar to that for.the : 
Froude:number hut in which orcurs tM' mean hydraulic radius 
«r» ~ : S x . area ;/ wetted perimeter-
instead of the depth *y% provides .a’ suitable oriterionf • : f;
V'ff 'fhif net dimensionlsss ■quantity was called by him thfi^ h'-r''.
' ■ . ■ -• •’/.-'■ ■ ■ ' |d W  f A.-^ sf' •■
8 B o u s s i p . e s < |  n u m b e r * » ., ■ • / •
:VvV In explaining the deri vat ion; of this number,. fee smi$,v r* . ;
(1*54) , that the term -*v« in tfet-.:froude number was used-m:;■■
* ■ 
the assumption that the velocity is ufelform. all over the
section*'but since, this was not the case* fee suggested that*' /'■. .
■ •
the term. *o<v* should fee use ^ instead of 8ife ! M s  rendering 
: \ 
the Froude number into the form or or rr-r
\m  i c s y/«.
148
..This new criterion is not approved yet*' It was even . / j
^attacked* by. Batoneteff (B. 9*)# as Engel-complains* I
The present author Relieves that Engel found the \ j
critical Proud© number less than unity because h© caried out 1
his experiments with a Venturi flume and measured the depth 
*y8 at a certain cross section in the throat, where probably i
the depth was always greater than the critical depth* Even . - j 
if the depth was sometimes the least, the flow may have been 
concave,, where the measured depth is only the apparent and 
not the true critical depth, (see page I
For the time being, the froude number, or the kinetic 
flow factor, is going to be relied upon*
How, returning to the hydraulic jump, let y ^ , *  
a ao, v, , v * % and z 0 be the depths of flow, the areas of I
l  '  2 . '  I  '  2. *  | 2. . *■ t 9 j j
cross section, the velocities, and the depths of the centres |
of areas below the free surface, of the two sections immediately j j j  
upstream and downstream of the jump, respectively*
Hegleoting friction losses, and assuming that the bed of |
■ 1
the channel is horizontal and the flow is permanent (i.e* Q «
a ^ ~ a 2 v 2 }, then, for a condition of equilibrium, |
(B* 93, P*584), the pressure plus momentum upstream of the j
■ - !'i'
jump must be balanced by the pressure plus momentum apposing |
it on the downstream side* ji
W 0  w 0
Therefore %-■ w v, » a ^ z ^ w  v^  ;
■ i  i i
where is ~ specific gravity of water ?j;
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Each side of this equation/is'a function of the depth of flowj 
and the equation may then be presented asi MCFc^. , ) * ^ (Jc^\z)
^hera/';:-/’; , ) - a z + ^
. ; , This equation is similar to- that of. the specific energy,
and .-evidently-it" represents: a curve: with two branches^;:
Since it is a function of the depth it may pass through
a minimum, corresponding to some particular depth!
Differentiating- withrespeet to 8y® and. equating:; to zero, f
then;
ly* ) s (az) + Sr ( - §~~) X §| = o
d(az). is eqaal to (the statical moment ; of the area "a/da" ) v .
(Fig*63}';with respect -to'a..new-fsurface ' lin^ at a' depth ‘yH-dy8)' 
minus (the staticalv moment :,of the area *afl with respect to the
original surface lino'a.t;.;..a depth *?••••)'. . .... ~ a clit-txA
Therefore d (as) » a- ( %. + dy) -v- b ^3^): w  a»
< i ja~.'S&
. ~ a rdy + ■2.
2.
■neglecting, the ;very ■..small amount:
'th©n;;:-.-,' d-(az) . a^dy . " x/' -
and ■■■Ss {ass)-5 a; . .-V-
2. -I
- (-term JL^JLJLa:-ill. '** **■. SL x ’b (see page 73 ) ■ ■ d.aV f? * tfv saa
■ Therefore; i | {j ^ b  / , 
f hav-minimum'/ value, of B ( y " h a r p e n s .  .when
7V-."''h
. (i«e*) when ■ a2 x | | —  ^  |a, ^  ;^jfv
or when the flow is critical* . ' .■ ./ ■ .
therefore Bff(y.c^ */) curve passes-through a minimum at the-, 
same' depth, as the specific energy curve* namely at the 
critical depth (fig.6 8 )* fhis earv© is eailed the ^pressure ;■ 
plus momentum curve*#
;■ In a channel, with a particular. cross section'there ■ is 
one such curve for each rate of f l o w t h e  depths ,fyc^^ i * 
■\&n& :9$c~y$.z * tmmeiiately upstream .and immediately downstream 
of the Jump are. called'the * conjugated, depths*-#
If.:.one of these depths is , Known* say i *• the second
can'he'.'determined by drawing a horizontal line corresponding 
t© * y c ^ , %  (fig*$8 )* to intersect the lower branch of the 
pressure plus momentum curve in a point from which a
vertical straight line is drawn-to cut the upper branch of 
the curve in a poing #$•* this' point will indicate the : 
Conjugated depth since each of and
has the' same value of < m  -t- |f)_in virtue of the two points " 
«p* and .*q* which lie on the same' vertical ■ line* for any 
depth of flow there is only one conjugated depth* ' Bvery 
pair of conjugated'depths is represented by a point on the--' 
lower branch'of the pressure plus' momentum carve* and a second 
point on the upper branch of the curve* both points being on
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the same'vertical line*-
' One depth should fee smaller#-and the other larger than : 
the critical depth*
the height of ’the j amp will'.fee-the difference-feetweeh--'-;-;;.;^  : 
the two conjugated depths# and its . top .surface' will. coimeqt-:;>'-;'- 
the two sections# in'the channel# at which the conjugated 
.depths exist* fhe-Ioss of "energy, in. the jump is the : 
difference feet ween the specific ..energies of. the flew corres­
ponding to the two conjugated depths#- fhis could fee known 
ho using the specific energy - diagram* for instance# in the^;- 
case shown. in.. Fig* 6 8 the loss of .energy in the. Jump * Ij :» ■ ;■ ■ ■
IS j ■■■ :.
' ■la the special case where one of the conjugated depths.is 
the critical depth# the vertical straight line corresponding. ■ 
to ’pq* will fee tangent to the .pressure plus, momentum curve#;' 
<Fig*62)# and the other conjugated depth will have the same 
value as.the first one# loth feeing equal to *7 ^**
In such case* (!*•«* in the,: case of critical flow}#; if a ■' 
hydraulic jump is to take place* its height will fee Sere ant , 
its top^wiil fee horizontal* ■
■ In fant, the present section, was mainly prepared in 
order to arrive at this conclusion*
The conclusion is true what ever'the cross section of the.
■ 16$
! ; 
of the olnel may be
■ .'.If V cross section is rectangular, the relation between
the eonjated depths will bes '
. . . !  * y ^ i ) * |
* (i * I ^ . ^ T T ^ l y T ^ r  :
wii«ye; z = | 
fhea ( y ^ , e - y ^ . ,
Galling.!© two conjugated depths and 
t h e n ^  t g z ¥  x F T ^
7 7; ^ -2.
CJj j, ) *: *I{ Jz «*w-
c> J,J2)
„ 2-
x J* 
g 2
s=.
■«r
{ 4 * e ♦ ) j -+- dj d, m* «*. V 1 ^ ' .
S. .
Q
f herefi© : * ' ¥ , -«3»*
1?*.'
I. S*
Si mi laLy K. £
* JI
........ / 7 /
J 8V2 V  ',.* - ft"
( -i + |3-+g7;) j3v ,"’7  7.
( — X -v^X +  0 ^ 2  ^ i!' :
c -i +\T T + r  v >  \ f i / I ’i '-iJ  :
then jw» is critical, J 4. «  ^ cjf * ana anityr |
j  „  -  i p c - i  +  f l + 8 )  . V : ‘ 7  »  * <than. -r ^
\
, is oiie example of the use of the 'dime asionless quantities^ 
fh relation between the • conjugated depths oa& le presented. J
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as-a ratio* •
or a | (-1+>(x + 8>7)
' ; .from these equations it is ©.lea# that all dynamically 
similar. jumps. (i*e* the jumps which have the same value of •: 
^  at the section just upstream *» ^ xor at the section just 
downstream of the jump ^ = "Xz )# will have the same ratio of 
the conjugated depths*
.; Moreover, the 'dlmensionless. quantities indicate the type 
of the jump and show whether it is going to be a direct jump 
with a complete surface roll (fig*63} or an undulatory jump,
. 4  -
i tJTlS*©* J*
? . ’ Bakhmeteff says,- (1*7# F*349) that at the section just
* upstream (at the foot) of the jump# if is equal to or
greater-than 3# the jump g o ours in.the direct form# or other­
wise it'will acquire undulatory features*
'.The 'critical value V s* 3 corresponds to a critical Froude1 
number f •«. 1*73,
Engel (1*35) found- that Hthe Boussinesq number of 1*5 at 
the foot of the jump separates the undulatory jump from the ■. 
jump with a complete, surface roll**1
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CHAPTER ..III* ■
Earliey. Investigations*
This chapter attemps to'present in a concise manner*/ 
the information scattered in different books* reports# reviews* 
etc** which bear, on the stages through which the-Venturi flume' '
\ the.
has passed# thus bringing into relief defects' and require­
ments, in-the hope of making the--appropriate' improvements*;' ■ •/'■'
: in 1913# Ha re ehe11* the inventor of the Venturi meter#:: ■ 
said* - (Eng* Mews# V*70# ■ No.S# P*SOO): -
”£et’me.s&y.. that the engineering profession has been only too 
slow to.: take- up the invitation extended to it by me in 1 8 8 7 * -
'■ to make further accurate experiments' with the Venturi meter* - 
*36 years ago* the Venturi meter- was a newcomer*. ■ It had to 
fight for the right to live* Boubts of its possibility or 
expediency for practical use* or of its accuracy when used* 
abounded in the technical .press# and even in the transactions 
of learned societies*
HTen years-went by* before anyone.besides the inventor 
used the meter; and then it was hot an engineer but the 
lawyer-president of a little water-supply company in’Plainfield* 
H.d** who ordered, the first meter put in* *on trial* of course*'11 
The Venturi flume had a better reception from the 
engineering profession which was making tremendous strides*' 
in spite- of the fact that World Wat 'J/resulted in a temporary .
paralysis of research# which extended even after the war 
earn©' to an end* This was due partly to restriction in - 
research funds and partly to shortage of staff as a result 
of service-exigencies#
.nevertheless, 'experiments, directed towards the improve­
ment of the Venturi flume and the study of its c h a ra c te r is tic s  
were embarked upon, and many advances were mad© both in India , 
and.-America#
The Venturi flume' consists mainly of §■ parts*'.
1 -  A bell mouth in le t#  or converging part, -which causes,'' ' ■
the flow to fill-the throat' without contractions or.'eddies,
2 *•:"'A th roat to- control and measure the discharge,
3 "*“ An. expanding outlet, or diverging part, to dissipate - .;
■ kinetic- energy, and recover the'velocity head thus making;, 
the minimum ^modular head11 as small as possible*
The -design of these parts.Is here-discussed, followed by 
some- important points*
\
(1 ) The Inlet*
- r0 n some canals,» says Jnglis (IUS9, p*l&}, ^approaches ; 
of 1 in 5 either in. the sides or bed, or both, have been 
constructed, ■ and the -same discharge: formula .’applied* This.
is obviously unsound*# ,
This means that the shape . o f ’■ the inis t  to  the flame has 
some effect on the discharge formula* In order to use a - 
stand aid discharge formla#- the shape of the inlet should then 
be -standardised* '. The shape to  be'selected should be as simple 
as'1 possible| the least expensive and the most efficient* or 
in other .words., that which causes'the least .loss of head*
.'.■the tendency was always to use long approaches to- o bta in  ' -. 
more e ffic ie n c y#  tut fane f  © and -that unnecessary* He says 
(1*41)*-
* I t " . ia .not worth while to make long upstream wing walls so 
as. to get a good stream line approach,- but it is better to 
spend' money on making longer throats with upstream wing walls 
of.-sm all radius*- about twice the . upstream depth**
; This is confirmed by V* M* Gone- who found that a long' 
approach is not only fruitless-but even harmful*: ■ He says 
(B.*B9) I
*lxtending the converging section to a length of approximately 
6 . feet instead of 3 feat# but-with the same angle of convey-', 
genoe*. caused, a decrease in discharge not to exceed 0*5$* • .
, . 'The inlets consisted mostly of converging, planes with a 
splay of about 1 in 10* and sometimes 1 in 5*. The first 
type was preferred since it gives a gentler contraction* 
wln the case of a great contraction in plan,* says
Burkibi (B#IS, *a splay '.of 1 in 1 0  involves
considerable expense#*
He suggested "a, much cheaper’* type* most suitable for 
outlets* ' This type (Fig*65) is composed- of adjacent parts 
of circles with increasing radit* The principle involved .is . 
that "the change in the direction cf f low along the side walls; 
.is - caused by water pressure at' right angles to the latter#
This is equal to the centrifugal force acting upon the flow 
from the centres which » v 2/! ~ Q /BA # 
w h e r e -q ~ discharge#■ -
' ft « . radius of the circle at any point of the inlet#
and ■v; A :t& cross sectional-'area of the flow at the same ■
•It- should be our aim* 11 says Burkitt* #to keep this pressure 
constant*^'-
As' the area of cross section, 'decreases# and as the velocity 
of water increases* the radius of curvature of. the side wails 
should ' increase, so as to keep •BA.* constant*
This method is complicated* and one centre and one
l ’ Sl j? '
radius may be as good*- ^ f
’ *For. side aontractlons** says Snglis (B*69* F*li)* *the 
curves',are taken a,s/*2 D* where *8 * is the upstream effective 
depth.of water*. -Theoretically* the curves of the; bell" 
mouth should approximate to parabolas* but in practice a
circular entrance is sufficiently correct and is much
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■easier to construct**
: fh@ parabolic approach was recommended by A* Montagu*
(B*10Q P*s 6h)| who observed- that'/acubic parabola, is used-as . |
a transition curve in a railway track' between a straight.line■ :.;•/•
and a .circular arc to attain na uniform rate of change of -/
kinetic energy1* between the-state on the straight (Eero)'/and ,
'm the circular arc (uniform acceleration outwards from the: -.
centre)* :
*The same fundamental principle** he suggested# *should 
be:adopted in the design of flumes** where minimum 'loss ■ o f :. 
head "is essential* .
■ In America, J* Hinds (R*$1* • P* 1433) made 'an extensile; V;- : : 
t^ftdy .of the forms of inlets and:outlets to flumes and .■ ;i
sypnbns# He recommended the proportions of the type shewn, . - 
(fig*6 6 )| which'has a 11 pleasing appearance** and which is •'• 
easier, to construct, than a sharper type# the water, surf .ace' 
profile can. be traced by taking a convenient number of cross 
sections and ^neglecting friction* assuming a reasonable • j
value for the depth at each cross section* and then calculating j 
the area* the velocity* the kinetic head* and, the depth*. . 
this:is repeated until the correct depth is determined#•
■ i
*i transition or converging entrance composed of a 
cylinder quadrant with a radius of onrvatare equal-to th® 
width of the flame", says 3oohey {8.114, 8*1435), "is aim*la
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and of relatively short ■ length# head loss through-it
should#'- in most, cases# fee no greater than in more eomplew .
transitions.-each as Kindfs#-» •
In practice,. the inlet is/'Sometimes formed with 
converging planes#. hut. mostly it is formed by a quadrant of 
a cylinder at each side to connect^ the wall of the channel 
and that of the throat# ■
It may.he recommended# then,- to. use two quadrants of 
cylinders with a radius equal to ■■■'twice the maximum upstream 
depth,;'or equal to the width of the throat whichever may he 
the"
(0) The Throat * ■.
-Investigations were carried out in India in. the-early / 
days of the standing wave flume.with the aim. of obtaining 
the highest. ratio of the downstream depth to the upstream:' 
depth, (I*e» to obtain the widest range of semi modularity . . • 
or, as-said by' the engineers in India, to obtain the highest 
modular limit or the highest recovery of head*}
■later, when the flames were used'for .measuring the rate 
of flow of water ,■ another objective came into view, 'Which 
was the ascertaining of - parallelism of'the; flew in the throat#-
in order to have a constant or uniform coefficient of discharge*-
'
The first to- attain a real perfection in the construction
of. a standing wave flume# in India# was 1* 3* Cramp* He. 
originated the long throated'flame.*- •
; ■ 0* 0* X'nglis says (IU6$* F*1E)|- 
: regards the throat, Ir* cramp has pointed oat that
with,"a short throat, if the section below the throat were to 
diverge in the vicinity of the -throat, parallelism nf flow 
would-not be attained in the throat and there would be a 
■tendency to free vortew flow round' a horizontal axis* • v i s & 
.oprisequencf#' the conditions on which the standing wave flume 
formula Is basedf 'namely parallel flow at' the controlling./;'.: 
section# would not obtain even'approximately, and bh© dis~:V. 
■ charge formula would then be emperio&l and would., have a 
higher .coefficient and exponent#11' -
itoqording to JU0* Fane# <B*£li Oruiap has shown that 
'for'his model *X»%; the aoeffieie.nt of discharge-was 
practically constant# and that the modular :11ml% was higher ' 
than'' In any other model tested , by him*- He said that the 
superiority of this model was due to' the fact that it had a 
throat length of about twice the upstream head, while the 
others had shorter throats'*.
. The standards laid-down by Crump necessitated# than, .. 
that the length of the throat in the line of the flow must ' 
be - at least twice the maximum depth of upstream, water ry( **« 
v:'fhe experiments whioh lad to this .conclusion were
carried cat with & hcrtsont&l had* ' Inglis* expertments
■ F*f) j show that this is also. apjproximateiy true with a 
hump, ■provided the hump rad las is' greater than 4yv * - 
"Theoretically,® saps "the throat shoaH b©: long
enough for horizontal flow to obtain at the controlling : ; . 
section# hat in practise this is unattainable*,. When, -However! 
the;..throat. length is egual to or 'greater than gy the flame 
disc bargee according to the theory very approximately,".
;; From bis' experiments! fane o one laded (B-,41) that? ' 
t If the orest length, (length of throat), isr only &y, *'
the flame is unsatisfactory as regards modularity and as; <■ 
v ;‘regards uniformity (of disc,a^ > coefficient) and the .--v.v 
modular limits also vary groo^ly with fiyl *" vH'/'-H-.
& ~ In order to obtain approximate uniformity thr throat "■
. ■ -length should be gy,, . .
3:^ 4'flame with a throat length 3*§yv is practically .'speeding 
.; modular and * uniform* In fact it is a perfect meter above
■ as" mix m  below the mod alar limit,
4 - It is not advisable to ma&s long upstream wing walls* . It
: is better to have the throat- as long as possible* •
This is in contradistinction'to what 0* 4* Coyler ($*2$), . 
saysi';;
. Bar&iti has shown that' the discharge formula is.
a = qb fg x j Z/Q-
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where #y* Is being measured at the' seoilon of parallel tlow*■ ' 
via#,;where the velocity is the same throughout the section 
(neglecting friction for the time being)* this point is 
somewhere near the middle of the-crest, and Mr# a rump1 s 
experiments show that if the axi al length of the horizontal 
parallel-sided throat be made-'** gy' # it is sure .to' contain ' 
that'’;seation|- -whereas if it is ■ made much greater than 2y 
the effect of friction begins to-rhe felt and the. constancy ; 
of; the coefficient is. vitiated**
. was shown above that Crump obtained the highest 
modular limit of the- maximum recovery of head or had the 
smallest losses when the length'of the throat was 2yt * . 
this .was criticised by IV T* Engel, who says,
«Ths resulst of-the researches of -engineers in India 
show ;;that the smallest losses occur- with a ■flume in which the' 
length of . the throat is at least - twice-the maximum upstream - 
depth* This is n generalisation that can be used as a rule : 
of thumb*
'"- ',:fhis is definitely not the only deciding factor, as can 
be seen from the following table!
flume Ho. Width ratio f hr oat length iax*tJ*S* depth for 8&
ttfhe' above ta11® shows th a t the incr-ease for flame H©*0 with 
-four times the throat length of flume. B©*1* is not very marked# 
 ^ *0n the other hand* the figures for flumes l©s*2* 3 and
■ 4 having the same throat length; hut different width ra t io s *  
indicate that the latter is an important factor*1
\\-7'v'lt is seen.* therefore* that in addition to the length of 
the-'throat* the width ratio, too* is an. important factor* '
Wo record of the ©ombined e ffe c t' of the lengths,©i the -
throat and the width ratio*' on" the parallelism of. the flow in ,'v. 
the throat is available y e t*  , : The present, work provides tiis
■ information*
13) the Outlet*.
iU Montague, (B.100, P. 14a), states that the difference 
in s t i l l  pond level upstream and downstream o f a standing • 
wave' flume is the sum oft
1 - Mergy lost In friction of .the boundary*
2 *» « * . « the standing wave* if any, or other -
localised turmoil*
3 Inergy lost in the curvature* even'when the curvature .
of' the- boundary is'theoretically accurate*
4 - Bnergy lost in the attempt of the stream lines to build
■ : up their own transition curves in cases where the
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curvature, or change of curvature,• of the boundary war©
definitely wrong*- this'may he called the lose--due..-fee shock* 
These losses.cause redaction in the modular limit #
The loss dee .to shock was considered serious* aar3 
attempts were made to decrease/its effect by properly - .yy--;’ 
designing the inlet and the-outlet of the flume. The in le t  
,was/ discussed in Section I of this 'chapter*: The outlet' wan
studied hy 'Various- engineers#
■ . T T a n e .  states that the- more'gradual the divergence or 
downstream wing walls* the higher the modular limit* ■'"A 
dfvergene© of 1 in 15** says Burkitt ■ »will*- for the "I-.;;
velocities with, which we deal*- recover'all the head: m i c h  it 
is; possible to recover* and a divergence -of 1 in 10 is nearly 
as good*5* ■
In G* 0* Xnglis* paper on standing wav© flumes, he ..says :;. 
■<R*69yiP#13)t ■
•'••if*. Golyer quotes the results of Er*.-. Crump*s experiments*
"i", n . ...... . .
■h pans Lons Modular limit* - ■
. 1 in 5 - . - :-eotf
am1 " 10
1 « IS am .... - - •
1 • 20 with gently curved sides*
He adds?-; "It is clear that a divergence of 1 in 20- la a flume
th an
6* wide, causes much greater expansion that where th© width
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of the. throat is considerable - say'SO feet — and so it is 
not quite correct to define expansions in,terras of divergence} 
nevertheless • the"modular limit largely depends on the .-.
■ divergence,. because the smallest recovery is' obtained at the 
sides,' which in tarn depends mainly on the divergence*
; ,.\ "The: same considerations that indicated that $4$'- 
recovery'of head could he obtained, also showed that this ' ; ' .-;' 
should be obtained in m  expanding flume*' equal in length' to 
about .2*.5y ■ *" -;
.' ."The test'results obtained; toy'the author concerning the ,. 
"small loss of head th a t occurs -with'the undulatory jump,1* says 
f*. ?* Engel (1*35)^ "are confiyraed;in a methematioal inveeti^'" 
gation'toy 0* 0* Jnglie, who found that f4;J of the apstreara 
depth could toe recovered, tout thought this was only possible .. 
if ;  th~ divergent outlet had one p a r t ic u la r' length for one 
upstream depth*1 '
■■""..'Fane also found that a-"length of - expanding flume of -. 
2#5y, is apparently enough*"
lihen he lengthened the -expanding-flume from 2*5y to' 
&*?Sy^ q the recovery of head was reduced*
■ ■ "This opens up a new prospect which needs careful .; 
experiment ,and■consideration** says Xhglts (B*6V* B*13}f ■ 
."because, though 3*fyv may 'toe the; best length for recovery of 
head, it will usually too inadequate to prevent scour# . This ,
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leads us to a consideration-as to- whether aiming, at a very 
high modular.; limit is generally advisable. t
; If. the downstream depth is -always less than 2/jrda the 
upstream depth, no recovery.of. head is needed, and the 
expanded flume can he .eliminated. if there is no. scour, effect 
as when the.channel containing the measuring flume’ is 
excavated in rock or other- hard material..
U) The'Bedv  ■
As mentioned in Chapter I, the purpose of .the standing ■ 
wav© flume was mainly the proportional distribution of water, 
and not its measurement. To attain that end a hump or ■ 
shallow vestigial weir used to be constructed on the floor.
The height of the hump which assures proportionality 
differed from place to place according to the conditions.
■In-..Bombay District,.■ where the distributary channels have 
li to 1 side slopes and a discharge Q, -  constant x (depth of flaw) 
the humps mere l/5th the full supply depth of the 
distributary above the distributary bed level, for if:
D, F u l l . supply; depth in the distributary,
depth in the distributary at the lower range of
/" ■ -y , I r f /
. proportionality, say at 2/3rd/full supplyT” ^ / v ¥ T
» ■ K ' /  i
' ■ .' ’ /V"’
Q - 0 x B z in .the. distributary,
- £ x { yf )' in the flume,
<J "-c x B z in the distributary, 
~K x ( Vz )'^  in the flume (fig- 6 7 )
then Ji . ctr , U f  K *- ( A )' S for p ro p o rtio n a lity
_t2' ~ l ^ T T T V 7^  .ri
( i . e . )  ('J' ) - (9 /4 )" =  1*717
y
Therefore ^ - 1«?17 ^  a) ^
■'*■■■ V,  V. ■■;•'■   ■ ' . "o r :' ■ \J ' ■ ■ • ■ ■ ■  /■
From figs. 6 7 ,
(1-3 ) ■ ==. -2d-
(i.e.) ~ 8±
Therefore y* ^ X  ■«* JBl
/ ■ I . 7 1 7  ' ■ : 3 .
(1.®.) |_L=^, - \ ^ J
or'
 ^ ' A ■% ■/ y 6
^  = (1-717 V a- i A ^ A /
1 . '. 3 x 0-:717 A  I
■ / ■  ■:■■ ■ ■ \ !  /  ^  .
=:■ il B tJ (very approximately) / .
5 /. ’ .
That is why thejheight of the hump was made one fifth . 
of the full|jf supply d epth of the distributary (R 6 9 , P* 22).
1T0
Height of hump for proportunality
rig.68
Height of hump
V-5
In. northern India' wh ere Q -c x D , the ' height of the
hump., was...made. .£-:>■ V ..."
■■ -10 -
•in. the Punjab, M says Inglis (B.6 9, P*ll) ;flit has been 
the practice to construct the .hump .e ith e r in -th e  th ro at or
Just' upstream' of -the throat with a . radius =- 2 V, •' . The result 
of this has been that., the, water has attained a high velocity 
before I t  has impinged against'the hump, which has then'acted 
as a sudden contraction, causing eddies and reducing 
pressures locally. * ■ ■
Jo overcome this, Mr. Pane, found that the throat should 
■ have a le n g th  -= 3*5y( (page 1^ 4) ;  hut Inglis recommended that 
the hump radius should begin on the same cross section as the 
.'side .convergence, with a radius of curvature not less than 
43V, so that' the ideal theoretical conditions could he more 
nearly attained. '
Later, however, when the' standing wave flumes.were used 
for. measuring the rate of H o w ,  the hu mp. was dispensed w ith , 
.and they .were constructed,;, like the .Venturi .flumes, with 
plane .beds,; either h o rizo n ta l, or with some, slope*
:,nlt must: be ■.borne., .in. mind,• says V. tel Cone : (E. 2 9 , p.115) 
■•that.-a Venturi'.flume of whatever form-must, not be placed 
below.canal grade, for t h is . would give a, .standing-water 
condition which would alter the calibration of the device, and 
it irould also allow sand and silt to accumulate within the
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structure ■ at: .low velocities*"
F. A&&i6©n.*;,who s a y s , l)s
J--»T1ae'vCoimection'/:T3etween flumes..and weirs is definite . 
•enough,-' Measuring.flumes'-are: a..development of the broad crested 
weir,— : discusses the weir crest which -corresponds to; -the bed 
of the-Venturi- flume, . and states that i-:."Weirs with truly - 
horizontal crests are..certainly disappointing, for if the 
thickness., ofthe crest is,. too . long, the sheet., of,water flowing 
over it: will break up into waves, and if it is too short, the 
. coefficients-, will.- sensibly increase. as, the depth increases*.w
He: also: states that,the most promising■ .and;consistent 
results1 are given .by weirs; which have slightly sloping crest* 
lfXf. the, slope in a downstream-direction..is.-about 1 in 20 to 
1 in 40,: with a length of about three times the ..maximum head, B 
he adds, .."it.-seems likely that the coefficient will vary from 
perhaps 1*00 under, a head. of. 0*5 ft* to 0*97 under a head of 
1*5 ft* r He did not mention how this assumption would, be 
affected by the breadth of the crest or the width of the 
channel*:
;.Xn India an attempt was always made to reduce the velocity 
of apprb'ach.in order to avoid the complication of counting its 
effect. 'Stilling ponds were usually constructed by increasing 
the section-of the channel: immediately upstream of the flume.
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"that ■ actually happens, in-- such cases,1 says Xnglis ■ (E.;. 69, f »lj) 
"is. that. the; main, flow .goe;a,; st raight through the middle-' of the 
pond.: which has bo useful, .effect at all* , A suitable. way ■ to -" 
.roduoe.:..tIi#,.y elocity of approach,is by, reducing .the gradient, 
for, some, distance-upstream, f he bed should be cut 'out -byy; 
horizontal .fox a: distance of. E0 : times .the maximum upstream " 
depth.;", i
learly all the .Venturi.'-flumes--.used or built today have a. ■ 
horizontal, feed. .
...t wo’ heads of research in two of- the. leading firms fox
iii£talliBg,.tenturi flumes and..manufaeturing their .recording
instruments,.are, among, others,. in favour, of the. horizontal bed.
A. Linford,, .of George, lent . ltd*says,.- {1. 93,. E.5S6), - "if is ■
the standard practice to. make ..the base of a fenturi flume,
together with.'some eight or ten widths of -the approach' channel,
horizontal, so as to.obtain steady,flow conditions which are
so'.vital to accurate metering,® ■:V
F. ¥. Engel,, of the ..Fleetroflo. Meters Co., .strongly
recommends this', practice,. by Baying., (H.35) * - "The approaching
section .and... the. .Venturi'.-flume itself should have a horizontal •
bed,; but a downwards.: slope at the. outlet assists the water to 
free; discharge. "
.The:discharge formula of the fenturi flume, based on' 
Bernoulli*s equation, demands that, the potential- head and the 
depth should be equal If the potential head at any section is
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going' to- bo. substituted -by".the. depth of.wafer■ at,that' section. 
This is-. % rue. only., in... the.. case, of,uniform or parallel flos;; 
w h o m  the. free. surface of:■'water -,1s...parallel, to . the bed.:,p:d;
'.'J t .was. -..proyed. .mthemf ieally(sect ion. 10, Chapter IX), 
.that' the,. surface of.-.water.- la,i: horizontal,channel - is. not • ■ 
horizontal.
Then the problem of the .surface of ...mter..in a. horizontal. 
Venturi, flume arises. ' The. Bernoulli', equation, . to be applied 
in a .case of this , sort , seems-to require ' some : modif ication.
(H) ' Coefficients- of Msohargs. ■
. n0Tilj few .publications*,. says iagel- (E. 35) 11 deal with . 
the .discharge' coefficient*11 / ’
"ux cement plastered flumes Xnglis given the following 
coefficients, when the flow is free*
In a flume of width 6 inches, 0 = 0.96 .
In a flame of width.Ift. 0=0*97 
In. a. flume-of width 4  f t*. 0 =0.98
In & flume, ©f width 10. ft. ’ ' 0^0*99 '
.^ For ■ very large flumes51, he says, Hho theoretical discharge 
of 3..09 ED3/a will obtain. s
Se limits the validity of these figures-for normal.ratios
i
of bed,widths to d epths, with. f?B15. equal, to about D.- 2 .
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, He.also says-that; ,n0*.-wili vary in-, the normal' sections ; 
according. to the ..discbatge. ■ fox/.abnormally’ narrow or' shallow 
sections, g0 r will be •lower than, under normal.' conditions. '■.
: For freely'discharge g flumes with a .single measuring- 
point .situated I n ,the..channel upstream of. .the' ? enturi; flume, 
the coefficient was’investigated by .Engelf..,i,ho-.found>-:; ' 
short throat-of length,— O.JfhK(flg* . 4 1 ) that the■ 
coefficient varies about, 5fley©r-a-.range from 5 ,to 45 
litres/sec*
For a long throated flume, of length - 4 ha the coefficient
las nearly constant ..and ,had"a'talue, of ..0#-95^5-# /.-..
fhe product of. this 00efficient and the'approach factor 
was also constant with an average value of 0.f851*
All test results agreed remarkably.well'with the average 
values, especially for. the .higher, rates of flow.
} wn the upstream depth was low, the value of the . I; 
coefianient was very closef in short flumes, to the average 
value for long onus. ,In other cases-the former was higher.
. this can be explained, by the fall, of the water in the 
divergent outlet, which influences the upstream ..depth in • such 
a manner as to cause the observed value to be lower than that 
occurring, when undisturbed..
. . With drowned flumes, Ingel found the variation in the.
value .of the coefficient to be more than 10|®, with a value"
JL7&-
■between- 0.94 and 1.02vfor;,.a; range; of ^.flow between' 14.and 
44 litres/sec*., l?fhis faotW;, -.lie, says ^ flimits the ■ '
application..of. the drowned,flume*;...particularly when a high 
degree, of. .accuracyfrom: the.measuring;.device- Is expected. * ■
A* .$. fane found that; there is a sspaxate . curve of #0? 
for each value of ■ the upstream heads #yy **• . .
,11 will fee possible,. then, since the coefficient' is / 
variable with y (i.e* with thedepth ratio.J x / f \  )$ that the 
total error, which includes the variation of *0* and the
a.rmroach factor 1/ \ 1- (feg-Va \z . mmv increase, or decrease
. . ' ■ Vfc>, y» I
•.according to the flow .conditions-CH.* 35)*
, Unless the flow is/strictly parallel in the .throat* the 
resuits obtained fey. the different investigators .will not fee, 
applicable except to flumes exactly,like.those experimented
.with, providing,always that the,throat depth is measured in 
the. section exactly.corresponding to. the one; used during the 
exiser5^^ts.
1 is. ^Hesearch on ...the. Venturi, meter #, 1. Itaya (E -?0 ) 
found that...n 0 n .is slightly affected by the inlet .shape* and 
greatly -affected fey the location of the.pressure hole,at the 
throat. : This appears to fee true of the Venturi.flume.
In Addition, to- the geometrical features Just mentioned, 
Engel found that the. coeff icien.t is influenced fey physical 
properties ^especially the viscosity^ the accelerating force of
W
'gravity,;th@ velocity,. and'the depth.or the iseaxh hydraulic 
xad3.ua of the water stream1** ■
:• .iheif. the..flow was...laminar, • |i© ..fouiid.:.tltat;.,the- coefficient
varies :with - Eoynold1s.-nu2i'ber*';.;;-As;:.:;the.: state ...of .flow Changes •, 
from laminar; to-;■.tuxhuXexit> . the - influence,of•;the/&e debating 
foroe.-.-of ■ gravity, iBoreaees: at' -the-.'.expense''of the decreasing 
influence of viscosity# fills is _ indicated .'-'visually by the ; , 
appearance of' mires- on the water- surface he throat and ■ 
also further downstream of the constriotion* ' In this range 
of flow,.the coefficient decreases as'leyn©Mrs number© •
,increase* -
■ In.the region o f rapid flow,: characterised by the 
appearanc e of a hydraulic'Jump, •.the. influence.'of viscosity 
vanishes and that of gravity predominates*. The coefficient 
'Will: then vary -as Bouseine&q.-number (see. page' us }. ' :
Bngel discovered the.critical numbers.of these dimension- 
less quantities, which, serve to distinguish the different' 
types of flow in open channels and, indicate-the validity, and 
limits, of application ox . the above, observations* . . .
Be/found that expressing .the,coefficient as'..a function 
of the.dimeBsionlees quantifies would .also serve in,applying 
model tests-.to determine '.the hydraulic coefficients of large 
plants, provided geometrical and ...hydraulic.: similarity were' 
maintained.
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wilson and Uriglit . devoted, the Jot payt,of •their;-'•
investigation of the Yenturx flume.. to.. study. ..the./discharge ; • 
coefficient..-,..'
. ; lh#y used one... short-' throated., and, one. long, throated.flume* 
Since, the 'observations..'.la.. the f irst were, disturbed., by ■ 
waves- in tlie ■ olxannolr tli.ey; regarded.-a'bout . 5 0ffe of tlie roeuXta • 
as liBuh &%.&*■ .
,v . In >th@ b eecxM^lume there was also,. somedisturbanco duo- to 
the position of . the tapping which was too far: down .the throat.
fheyplotted the coefficient of discharge against, the 
differential head.
Some .investigators■plot the coefficient against the rate 
of flow.-'-
It fas mentioned above that fane was Interested.in the
variation of the coefficient with the upstream depth. .
fhe:expression of the coefficient in such ways, however,
■is of little interest and ia liable to misinterpretation.
e
Moreover, as Engulf says, •it * 6 0 e 8 not indicate the existence of
the several,states of flow and no simple relationship between-. 
the coefficient and any of., the quantities involved .can be 
deduced from. it#, f fay it;be-stated.again-that unless the. flow 
is. strictly, parallel * ‘ it is incorrect to apply, the. findings 
quoted above, save 'where the conditions are - in every respect the 
same. -. -
r ? 3  ^
£&} Improved .Venturi Flames* 
and -
Critical ge-pth. Fluffies*
m * * l -rf*. Sf m ^ t W J W  ^ • w O m n m m  W||. - » W w ^  .jTwfWr.n. *•
■ , ''tn WB$- H*-Par^ball* (B* W 7 $ W*Bmy^ -mimmQm4 the.’ :^' 
development'-of an .^Improved Venturi flume,®' (fig,89}*
:.The.'lap?dremenis on the old Venturi f lame consist in 
the red notion of the convergence in the inlet seat ion* the 
lengthening of the throat section^ the change of divergence 
of; the outlet section* and % fee depression of tbs floor. in. ■ 
the' throat-sect ion# These changes have improved the flow
coaditions, reduced.the effect"of■. submergence* and .simplified; :g 
the operation.ty’'reducing the number of gauges necessary-to 
determine the discharge*
The lengths of the throat and ..'the out let of the flume 
are 2 and 1 ft*, respectively for flumes, of -all size® from 
i ft. to a ft.*- .
V The side of. the inlet is made longer as the width of-the 
flume increases* according to the arbitrary rule*
L *  1 + 4  ft.' '
where . W « width of the flume*
or crest length .in feet*
The increased velocity of the water in the throat section,., 
together, with the action of the depressed floor, causes an 
hydraulic jump to ho formed immediately he low in the. 
diverging outlet' of the flume* ,
180
crest
/// / //
Plan
Fig.69
Parshall flume
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■ "®fhe combination of increased Telocity and' depressed 
floor ■ -has the effect of raising •the submerge nee to a point ■ 
of about 0*7C the- upper heal
Calibrations were, male on flumes having crest lengths. ■ 
*W* of 1, 2, 8, 4, &■ and 8 for a flow ranging between - 
0*30 a M  8£*8- eusees*.
• The discharge in cusees through the device under f ree ;, 
conditions and under submerged e ondit ions , .when downstream- 
head does not exceed 70jj of the upper head, is very closely 
approxisaied to the e-mperioal formul&i- . -
o- O 26
- . I - S 2 Z X  . 1  , . - .
t *  4.W X H& ■
;.-VV 11 the formula,9 says Hinds (B.1Q7, P.* 85 9), «is entirely, 
emperical and .applicable only to structures of the precise 
form tested.**
: ®fh® exponent of Ha,* says Lind ley (B.89, P*856)f y 
#should fee nearer to 1*6 then 1.52,. and the exponent of ¥
is actually t*O0*r
0. E. Carter:, after studying the test results of 
Pars hall, as did Lind ley, deduced a simpler t ormuXat;
1.58
Vi « f r
f M s  formula, gives results that are quite close to
those given by parshali*s formula-#-,
3
■®fhere is no reason,R said Lane (B* 107, P*854}, - "9wiiy
this flame may not be named for the 'Originator, and the name ' '
Venturi dropped** fhis actually happened when the American 
Society of Civil Ingimeers called the device the *parshall - 
flume1* in honour of B*"Farshall a
The downstream gauge placed in the throat, is actually 
put to make it. possible to see that the submergence or the 
ratio of this gauge*s reading to that of the upper gauge does 
not 'exceed £ + 7  which i s  the limit' of applicability of farsha11*s . 
formula*^ ’\1
It is supposed that there is a relation* between the upper 
head and the critical depth* which resulted in the evolution■ of ■-. 
this'formula*- ' But this is not quite definite for even in. 
'ifSi'lunter (B*10S* F*lga4> s a i d i - '■-‘g ^  ■ ■ h 
*lot only will the true, relationship between, the actual v 
depth of, approach and the theoretical critical depth have- to- 
ha "determined* but the- critical, section for parallel flow - 
if it exists at:. all' -**■ will shift'-in position along tfae-.oreat'-:-'. 
or throat with the change in discharge*11
: *Th® critical depth** says- Hinds (1*10?, P.861), *will 
occur at" the point where the slope of the bottom of the ; 
channel/ls just- sufficient to overcome friction 4 m  to flow' 
at ;the critical depth,'which point is called the control 
point* The corresponding cross. section may be- called the
control'.section**
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. ■■■ .11 Jit the point of c ontrol, n he adds, #©any or the uncertain 
factors-, normally -affecting the flow, saak as unknown friction 
ooffielents, veloci%y of ■approach, etc., are eliminated, and -1he 
depth hears a definite relation to'the discharge,8■ ■
He .'thought" that .the as© of such a fact would have the 
"distinct- advantage' of being free from the: influence- of 
changingapproach oonditions.* .
In addition*'.he' thought tl at if the length of the 
structure‘.was great* or if the transition was imperfect, the 
uncertainty as to the total- value of the losses was likely to 
he considerably greater if the depth was measured at the- gauge 
located in "the inlet section ** as;:in the- case of .Marshall' -V,-;/. 
flumes '^  than if it was measured at the point of control*
., Consequently he tried to develop a flume with a definite 
fixed control section*, but in the author fs opinion he did-not 
succeed*
' J. C« Stevens <11*10?, P*873) said. that, theoretically, 
the critical depth should remain at the'Sam point on. a hump, 
(fig.70), for. all rates of flow, for'if % » height of hump 
above the bed of the flume,
■y-sr depth of water,
V*- width of flume- (consider©# r act angular), 
then, neglecting friction' V
E *  -* + 1 +  9 %  S <»*>*
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« m  + dy **■ —  x (yca/yj^. ' x' dy
4 t  t h e  pc
dl
as +ay [ l  x ( s ^ /y ) 3]
n <# ^
aW y = fcA.
Po r a unit'. width © £ the - flume
b m l
and da a n - dy [l - (fc^ /3?)] 
* o — if j^ X ■*« %1
: " This can-only occur at the crown of -the-: hump where a .;." 
t angent 'to- the- cur're of the temp is'parallel to-- the bed of 
the; flume
On that principle he tested, in collaboration with 
Far shall*". some flames containing temps of different propor­
tions and shapes- (h.ISO). • 1 The term Venturi flume,H he said, 
* is not a happy; expression' for the derice. The term Critical 
Depth Flow Meter is more to the point and is offered as a ;■
substitute*
The'correctness of.this.theory will be discussed later;
Due'to the presence of large quantities of eroded
rig; 7 0
Steven's critical depth fltnne
Plan
//
Fig.71
San Dumas' critical depth flume
material', in, the '.-streams' of B m  I3tias ImpedimentalForest -.la^p 
-O&lifornia* : the results- of flow meanureisent .fey ■ Marshall. flames 
;|aaTO:..feeen. somewhat ■ erratic,, p■'.■fhi»‘>aa due largely to- ■iepoaiiioi^rj 
of:, deferis ■ on the level approach’ to the throats of the flames ! ' ; J 
during the falling stages of the- -stream- flow# -" j
mads* '( B *1511 p> 1259}, mainly to 
improve:, the defer! 8- -^transporting-..-qualities ■ of ^ arehall,flumes,,. P - p  
' or falling- this,:' to attempt; to develop a c oaf rol flame that j
•_ would. function sat isfaetcrily with that kind of debris - loaded j 
water* P-PP:, p;p. P._pPP; ■.- > - :pPP;
. ';v.''-'.-,:-pMo;:-alt-eratiehe.intredae-edi-. 'into-Farshall flames succeeded 
■. in -materially■ improving■ their :accuracy in;measuring small' and P- 
intermediate t lows containing 'fee d~lo sis* p
■ design-of eritie&l-depth. flume .(fig *71). m m  - 1
developed,.' which ''appesrs--'to .give- accurate- measurements of-/ vP 
.discharge, and to fee unaffected .fey .velocity of approach or P 
presence:: of feed-load,*
■'.*&$$ grade was chosen for the floor slope within 
. measuring flame so as. to insure maintenance of stafele tlow "■ ;
conditions, well, fee low critical deaths,, even for shallow. - 
flows containing .dkfexis-t^ p -
Depth measurements are m a d e  downstream of the. •critical 
section® where rapid flow ee-e-ars* . . he piezometer- location 
was chosen as the closest distance from the- crest, which still • . ;
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remains downstream of the zone of cr it leal depths at the 
highest water—stages-ffleas'are-d in these .tlames#-*
v . three" flumes with different widths 1* 2, 1 :feet having" 
vertical-sides were tasted and the -discharge was found to he 
successively;
1.3 ZJ 1.277 |,2.<lS
'.6.-.Z5 H  . * 13*.€5H ; . . and, 1SU9QH :-eases* ;
o. <>4
or generally j ■$ = ji x E H 3/2
the' discharge through three trapezoidal ones of hot tom -h 
wlath 6 inches* 1 It, inl3 ft* was- '
I.4S"
. 4*40 H .* -9*60 II and 15#10 H . cusecs successively *■ 
there is no apparent reason why ouch a device could he 
called Meritfcal—depth flams*11 :..ppr':
; ■ llaay other attempts: were rnacle in addition 1 0 the last - 
mentioned trials*. in spite of M:*/ loodmrd*s statement; : ■
{flt will probably he difficult to devise any arrangement 
of the cfunnel which will ensure that at some prescribed 
point the depth shall he exactly the critical depth*1* ■(E*.X<56*;. 
P. *418} * To describe all these at tempts will require, much 
more ■space' than.:is available here* ■ ‘.However-* some .. 
particular experiments will he mentioned*-
: Tim author was most interested -la the experiments on 
broad crested weirs carried out'by 8» &*■ Woedburn* {B*X84t : 
F*SS7}*- and those that Webb made on. weirs with both -.
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. upstream and 4©wnstraam inclined aprons* {&.130, F.4GB).
...AWoodhurn esperiMented-with wsirs hawing crests of 
different lengths an 3 slopes* placed in a rectangular. channel 
.24 .inches wide* ■ Some crests had one slopingpisne while the 
others consisted of inolined planes preceded hy horizontal 
fnast:v'v;,:
hoodlmrn plotted the profile-.of the;water- surface for 
different discharges over the different weir# as shown. in fig.72* 
For svery. profile he calculated the critical depth using 
the formulas a a ; E / / ■ ■. - - 'hhthhV.;
' ■/ C/< ~~ V.' --
:' : ~ /.a-' N Vi> ■ : ( } ■ ■ ■ ^  - .£*.•? . ■ : : ■•>,;;
. ■ : ' : ' J * * "  '- '*/?W :1 'Vt.Vjy,
The position of each critical depth is indicated on the
corresponding .profile, (fig*.?g)> •■
was■ trying to find a'suitable form of.weir which :. 
would allow., the critical depth to happen in the same cross 
section: for the different rates■ of;'fiow.f in which ease the 
circles indicating the positionof .t he critical depths.f::,.-:;:;;.;.Vvy;
(fig* 7-2)-#• would lie nn one vertical straight’ line* The 
fulfilment' of this condition would give the solution t© the j(
profel em of'the critical- depth flow .meter * It. meant that- ■ |
the depth of’ the flowing water could;he measured at a certain ij
cross section and he substituted ' in the ahoire t©rmula t© . - :j
ottaln the disoharge*
Series DA
Lev el
7"
Series DE
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V 7 7 7 7 7 7 7 7 /
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L e v e l L e v e l o
Fig - 72
joodbiirn's experiments on broad crested weirs
1 9 0 — My
Strictly speaking this was not achieved, hut it occurred 
.approximately, at the intersection of the horizontal plane and, 
the plane with a slope of 0*015 (fig* 72), series LA.
This led Webb'to lay the upstream part of the crest with 
an upward slope instead of laying it horizontal. By that he 
was trying to complete I'oodburn!s investigations, in the hope 
of finding the conjugate slopes of the upstream and downstream 
aprons which .would make- the locus; of. the circles, showing the 
position of the critical depths to he a vertical straight line 
passing through or near the “crestM or the intersection of the 
teo inclined, planes* _ . .
,73 shows the profiles of the water surface at 
different rates of flow, the position of the critical depths 
and their loci for different forms of broken top. weirs.'
Some of the slope .combinations gave loci which are very 
nearly vertical, straight lines, hut unfortunately these efforts, 
as well as those of Woodhurn, Stevens and others, were all in 
vain for they were not based on' sound mathematical foundations*
■The explanation is as follows
For convenience, consider the flow in a rectangular channel. 
L.t/ M W  V  — . an, 1 *  ... p „  nnit
width of, the channel he ,fqH cusecs.
Let “y ^ 1 he the actual critical deptfy of flow.
,Z
-°
?
Critical depth loci — 'Webb's experiments
4'
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Let "y * n be called the apparent ■ critical-death of flow-• O-'C*' J* ***... • **■
According to Bakhmeteff, (R 6), the critical depth in 
curvilinear movement is different from the apparent critical
depth “yd"* y
The critical depth as given by the equation; y L.
=- 1 H/S . v V?r. ,\aT^
is determined under the assumption of; parallel flew,: in which 
case ,lz.;4-p/wH in the Bernoulli equation is identical for all 
and every point of the cross section and is everywhere equal 
to the depth of flow*
In non-parallel flow,'.additional pressure caused by■ 
curvature results in the lowering of the velocities and vice 
versa (figs* 74, 75, 76)*
Therefore the ideal rectilineal velocity diagram (KLM), 
corresponding to parallel flow (fig. 74), is modified into 
e ' i V  (fig.- 75) or e V  M"jr(figl 76).
\ / X7\{ \
* i)s
v . - y
Ee =  J  (p/w +  2 -v v2/2s) x v.&z/ t  v. dz
Assuming, in curvilinear movement, that the-filaments are,
in conformity-with the f5free vortex”law , concentric (figs. 77,
78), then in concave streaming,: , ,
V ■ =■ . va X Ho - V ;
Ro - z
The specific energy varies from point to point. 
The average'contents per unit weight will be
/Uniform flow Convex flow Concave flow
R°\ 
a —T?
T'tn V1 __
'///\
Fig
/////.
■17
Concave flow Convex flow
(paral
777// / / / \ \ m
Fig-79
Convex flow over Fhe edge of a weir
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r Y r y /  >and v. dz —  \va x Ro ^ y x az —  va (Ro - y) log Ro V/(R. 6)
o o Ro - z Ro~y
Designating the average velocity over the cross section by 
“Via",
then q x y ~  va ($b - y ) log Ro
y  _.y\ yr 1 .A
. v*. ,, • . v_^
01 va=,„,0 x v m = e x q/y
Ro-y i y
•V '7  V . ( )/\/ h ■ : ' tI-
A. 4 ^
where « = 1/4 - y/Bo) * X/log l-y'\ (R.6) •-
... - ■ ■ ■ -  P w a
In the case* of convex movement,
■ : ft® ty
v —  va x Roj-y 
Ro +  z
rV
then q =. va (Ro+y) y. \ dz — va (Ro-t- y) log Ro -wy _vfl x y
<y Ro 1  z Ro
\ (r.6) j , t
and Va =  6 v™ , , = 6 x q/y J  ^ o • .
lAere (9- = [C^/^°)/0 + V / R o)] 4-1°^(h - y/R0) -- V-- C ^
when y/R0^ Q*l, e(concave flow) = 1*063 and a(convex flow)V0.953
I I -0.2, i 1 it > 1 * 1 2 ii M * » '■-0*925
I I =0*3, 1 ii ii
v-.
= 1*20 ii I if -0.800
I I =0*4 ii ti 1 - I .303 ii I H — 0 • 848
I I =0.5 1 1 1 ~i*44o i i 1 - 0*820
I I =0.6 it n 1 — 1*640 ii 1 1 -0795
I I -0.7 » ii 1 - 2*160 1 it -0.770
The specific energy of the surface element (at a) is
; ^  ,1 \  t \'dg-
For any point within the stream, the energy is 
Z A  -f/w -VvVSg
,{Free vortex” is irrotational flow "with a velocity potential , 
in which case, the Bernoulli constant f,2  ^ p/w-f v 2/2gJI has an 
identical value for the entire body of moving liquid. w (.R.6 ). 
Hence in section Oba (figs. 77? 78) the specific energy at all 
points,.is the same, and thus is equal to the energy of the 
surface stream line. ,
The specific energy, therefore, is
2L .trra tx .1 ;V 2  ■ 2- 2- f ry  YEs ^ .y va h y e x a ■
2 8 ■ V  0
. u *
The critical depth may now be determined as the depth at which
Es is minimum. It is found by mahing""'' '.* 'v *?.
, / "N, *
d' Es — I ~ 6Z x (q2/g ^  s ) + \ 2 0 x ( qz/2g V 2 ) x d^; ^  0
d y : ■ d y
de is very small and then 2  ^ (q^/Bg ]jf) x d© may safely be 
dy dy
neglected.
Theref ore V ca~  hj ^?x c/g =  0 /3 x^jqVg —- 0 /3x y ^
The a'.'dtual critical depth in concentric curvilinear motion is 
thus larger or smaller than the apparent critical depth, “y^ ”,
g/3
according to-the value of ;
In practice, various stream lines in curvilinear motion 
usually have different centres of curvature, and different
radii. HQ ” will therefore have a value between that
corresponding to the extreme curvature of the surface filaments 
(fig. 7 9 ) -and0 — 1  corresponding to the bottom point.
This clearly shows that .whenever curvilinear motion is
talcing place the real value of the critical depth is- d
substantially different from the apparent critical depth 
corresponding to parallel flow.
.At the same time, the specific energy will be y
•5: t v -4- w cVp- v2" A vi , § iti '/]\ ■»« = y ■ w » * x q. / . y c a ,, ; m $/ a . f J ■7
2/y ' . C1/O  v  m • • . i f■ . 0 x 1. 7v :• ; o ■■;■; ' A
where JE g— specific .energy corresponding to parallel flow., 
lith concave flow, "0f is greater than 1, and so “y^ ” 
and nSsfl (min) will be .greater than My ^  ” and n<-£fs n(mih). • 
bith convex flow, ” 0 “ is less than unity, and, so “y ^ ” 
and nEsu(min) will be less than ”y c*_ fi and “Eg ‘'(min)*
That is why the depth of water at the edge of a weir
(fig. 79) , is less than ^ q^/g which occurs at some distance.
irom the eage.
The depth of water at the edge of the weir will 
correspond to a point “c* “ on the modified specific energy 
diagram, lower and to the left of the point “cH corresponding
PART II.
THE PRESENT INVESTIGATIONS.
, CBilPfSB If,. : ' 
vsNTUgr nMcm 
■■with mmmmzm & f&sabquq- fH im ft .
II has already been shown that: the- discharge formula; of ’ 
the Venturi flume was -derived from B e r no a X11 * s e qa at ion on the 
assumption that the flow in the flume is parallel,, in which ' 
ease the; ;potential head - could he substitoted hy the- depth of
flow*..-' •■;■'■■■■ - -
’■ :;;;On:pagei'M#-'it 11ms stated that the ted of the Venturi 
■ flume, ineXuding the throat, is nearly always made.horizontal. 
It was proved mat hematic ally, page 13  e>, that in .a horizontal 
charnel .the water surface is not horizontal, and that the flow 
is-not ^ f arallel# ■
If the flow In.the channel upstream of the Venturi flume 
Is. not parallel* the'-effect -of this will not h© substantial, 
because thevelocity is usually very small, tut if the, flow in 
the' throat . is not parallel, the effect■will he serious since 
the velocity Is usually, high*- -and this will necessitate that 
the discharge-'formula jahoald he modified to suit'every case of 
flow, hy 'tahing into account the effect of the concavity, 
convexity,, coavergency or divergency - of the flow.
Another important point will arise. the discharge 
coefficients, as studied by the individual investigator, will
not he applicable* -even for the type of flume tested by him,
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unless: the depth of-water in the throat.is measured in the 
cross section he originally used, and no result: of any ■ 
investigator could then -.he -considered or regarded as standard, 
ss-is-th© case- with the discharge coefficients for orifices' 
and'sharp edged, weirs.* \ V -w
The present research was then devoted to a consideration 
X.^ -.-of. the possible extent- of the .parallelism' of-f low, in 
the horizontal throat*’ - ■
S.,*-' of. the proportions and : cross - sectional form--of the
throat *' necess ary - to. make tire flow parallel - in. .case s ; ;*;r.,:-;. 
where, the - parallel flow, does not take place, ,
S.:^ - of the modification. to %©, introduced in the discharge 
r-vv;>fotisaIa-,to, render it applicable for flows other than 
'v the-, parallel*; when various 'proportions and f mmm failf';--'' 
to; make, the flow: p a r a l l e l , ■ . :
4 '**: of .the slope; at which the he4 of the: flume - must be laid,
. - should the above attempts fail*..
5 w.-: of ; the possibility -of using; the... Venturi; flume- as a ,-
, Hcritidaldepth flow meter®, could the parallel flow 
he; ascertained In: the throat*, to avoid the trouble of 
: computing the 'effect of the velocity -of -approach {see ­
page 9 4  ) and the uncertain discharge; eoeffielente*. 
and;to .substitute a simpler recording instrument (fig 44}
z m  \ ,
// / '  / '  /
Elevation
5 - O >-h<
I 3 _ 6" , 1U",h-2— H-«— 4
3 1 - 0
2.A - o
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17-875
10-0
Plan6-Q3-6
Lay-out of the experimental flume
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In place' 'of a more complicated- m d  less^aoourate- one 
{fig* .48}* . ■
;P ' Xir s h o tt, this research, aimed to''reduce the accurate 
measurement of the rate of flow to Its slimiest .form*
| ; n; paper of. this klndf, says Bindley .(.I, 89, £*856} «is
less convincing than it should he, wlien no account is given of . 
the Re-'oc and manner of testing,' mid only a few of the 
dhserved data are .included^
It is'regretted, then, If the work seems too detailed, 
or; If .■•whole, paragraphs may; appear over longer out of. place*
h t  '. The experiments wore carried out with the apparatus shown 
diagramatlsally (fig* So}* .
It. consists of a galvanised steel horizontal, -channel of 
26 ft* length, having a rectangular cross section 17-875x11 
inches an<2 a regulating sluice gate (fig. &) at its end.
Below this end there Is the main reservoir from which the 
elevated, tank (fig* 82} is fed hy a.-Vickers Bill low lift 
spiral pump 6# diameter*
The elevated tank Is 6 x 5,x 2*75 ft* It-has- a sharp- 
edged ■:rectangular notch or weir (fig* 82},' the head of water 
over which could he read hy means of -a point- gauge in a 
stilling gauge tnhe, 2n diameter (fig* 85}*
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Regulating sluice gate
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tank 
and 
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Fig.83
Measuring the head OYer the weir
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fhe water flows - from the elevated-'tank over the weir 
Into' a stilling.. tahfe (fig* -84) wMeh has: specially: arranged: 
guide plates, to destroy# as wxzh as possible# the turbulence 
of the water whioh .then passes'thrmigh ;the/;.^ hsn&#; on its :. - 
. way’ b&^k to the- m i n  reservoir. {.fig.*:; 85} ♦:: ';:d A.: <
. : &  .the. ohamel# -a restriction is introduced# by means ■ ■
of ■galvaAsecl sheets# to form a Fenturi flume (fig* 86)*
■ hS.iBoe.. it. was. the :oom?soa practice to use Venturi flumes 
with ^ vertical sidewalls# the present flume was designed,:to. 
have':.a:; rectangular- cross section both in the channel and' in - 
. the throat*.., . ’ :w
: Four ,limes of . gun metal pieces with fine holes or: tappings
are placed flush, with, the - .bottom# and perpendicular to the 
axis of the channel*. lach. line is. connected# from beneath 
the floor# , to a-glass'gauge (fig* 8?)* One line is placed in 
.the charnel’ .-upstream of the' Fenturi -flume#- another at its - 
downstream# and the other two- lines in: the throat*
- -’■"■> in. each, of ..the cross' sections: containing the four lines . 
of tappings 'there is a-pair of vertical. rows of holes in the . 
side walls* Each pair is .connected and joins‘on to- a glass .
gauge*::.:. ' .. • ; - ./■-...,
There are 8 glass., gauges, then. (fig*. 8?}.,'■ each pair- of 
whiclr indicates the-depth of water'at one-of the four cross 
sections* '
ZQQ
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fhe first Tenturi flume experimented upon* bad plane 
converging sad' -diverging.' parts*. with- a splay of 1 to 4*25 
Bndtoin 10 .respectively*. The throat was ';9:*5^5 %nzhe.s..vil&e 
and; 12 inches long* . with tapping's -at 6- inches ekid 9 inches' 
from .Its eatranee* ■ ; ' :;a.a::
\.;;,fahle ¥■ stows‘the results of .the: tests tone-with,' this 
tlxme*--. ..toe discharges*-. terrespoMiitg to the heads over , thev 
weirpof the,;elevated tank in every ..test, were obtained from ' 
,.the graph (fxg*. .28)*. ■
.•■hfhe depth of water mt each of the planes; of tappings 
wasv taken as the average o f the. pair of, gauges corresponding . 
to thmt plane* '■ / ;
-:l comparatively large number of tests were carried out* 
because it;'was noticed that no- sat ter: the; rate of flow* hardly 
any; gauge reading: of the floor tappings in the throat agreed ■ 
with that of; the side wall" tappings of the "same:-cross- section 
("see: fig* 87) * It was attempted to see- if the two : 
corresponding readings could, .agree under any particular 
conditions of flow* When-'these attempts failed* iipe.emed 
doubtful to consider the depth o f flow to be represented by 
.any; one of the .oorrespendtog'gauge readings or;- by their . 
average* ■ ■ , . . . . . .
a ia
Fig» 8 8  
Point guage
-method bad then to be used to measure the depth
of flmr*
. H point gauge was found to be the most suitable# and 
a special device (fig* 88} was designed to suit the condition 
The device was sup-cnto to the tappings, . as it made 
possible the measurement of the depth of. flow at any cross 
section required and thus 'enabled the profile: of the water 
surface to- be plotted*, : This, would .clearly show that part of: 
the flume# if any# where the flow Is parallel ? would ■ 
define the most suitable position in which to pla.ee the 
tappings*.
pi. few tests were made to -.compare the. value. of the depth 
of flow as given by the floor tappings#. the- '.side wall 
tappings# and the point- gauge* : The results#. whinh. show no 
agreement are ' given in the ■ following table in’ centimetre 
units*. "
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. It; may be noticed that for the same rate of flow, the 
same gauge Ogives'different values of the depth at the same 
cross section; in;different tests.
For. example, when the head of water over the measuring: 
weir was 2 * 5 1  ^ Inches, the-point gouge at the middle of the 
throat, indicated': the depth ./as '9 * 35 oies* on. one: occasion and - 
as 8*74 cms* on another* This was only because in the first 
experiment the ‘flow ..was: dromed, while in the second it was. 
free*/.''.;..;.'.. •S-tsi-©-’-’.
.. .--/qlt should also be"noted that at;the same cross section, 
the vfloor; tappliigs sometimes gave higher and sometimes' lower- 
readings than those of . the side tappings. This was due- to 
whether. the 3 flow was convex or concave at that section*-- .
The eight figures (fable ¥1) ?:hieh correspond. to one 
rat'5 of flow, and ought to-have been equal, were the. flow 
in: the throat, parallel ^ rereonot, generally... .speaking, . equal 
in • any one experiment* . I M s  .proves that the flow was- never 
parallel* ' 1  / -./ /'/;,../.-' fhh;: h .
Professor 1* H* lamesou, (B 74,. P* 413) noticed that 
**the pl.ezometrle depth .and, the/measured depthri at the throat 
of. the Tenturi flume were not equal*/
& jlo
'-/•••The same phenomenon was observed by Ju M* Biimie .
(R 1 2 , p* 592}. while he was studying the flow under gravity of 
an incompressible and imvisold fluid through -a constriction'
In a'horizontal ohaniiel. - . •/ . - ■■■-'■;.-//■ -
’ It was decided after this to dispense with the tappings 
and to depend on the point gauge..which-gave reliable leadings. 
In most.-of the. experiments,-however, the second decimal, figure 
may. be regarded as doubtful, owing to the disturbance of the 
surface of the flow due to the existence of waves* V
..light.-flumes, all with rectangular throats, were tested, 
the width ratios % 2/bi w were nearly 2/3, l/£, 1/3 and 1/4*
In each case the throat was. made 12 inches in length and then 
2 4  inches*
In all the flumes, the converging plane sides, were’of 
the:same length and the diverging sides were equal*
/The:following figures show the profiles of the water, 
surface for different discharges in.the different throats*
The actual depth measurements are given in the appendix 
(tables fll go XX).
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fhese throats of different dimensions were^est.ed in the 
hope of finding a suitable length and.width ratio which would 
render the flow.'parallel in the horisontal rectangular throat 
for mil diseliarges. ■
A glance at the-results of the hundreds'of . experiments 
will show that, generally; speaking,, no one prof ile was . 
strictly horizontal," particularly in the more important case 
of freely .discharging flumes, whatever the length or the width 
ratio' Of' the throat ussy have been.
It;.istrue that, in the case of a drowned flow, with 
throats of large width ratio, the profiles are very nearly■ 
horizontal,'hut if should be noted that the Venturi head®
(i.e.) ®yt « is.very small,, and an error, greater than 100^, 
in its measurement m y  be very probable, especially, if the 
surface of water is disturbed;by waves*
this was observed by Wilson and fright who say (B 133 9 P*45 
**lhile making runs on the 8*- x 8n throat with low Venturi 
differences (or heads) ?hH and comparatively great depths, a 
peculiar phenomenon, was observed, that is, a decrease in % 1 
for increased discharges under certain conditions* 'Upon 
careful observation, of the surface appearance under these 
conditions, it was concluded that this variation was entirely 
due to the presence of waves of various types superimposed on 
the otherwise natural surface of the water flowing . through .the 
throat, ..these existing on account of the tendency under-some
conditions for the tall. water, to., run back into the low throat* 
flxis-.affected the throat gauge and varied..the observed values 
of the fmtvLTi. bead, and .the ^.throat .depth f rom tMix otherwise 
proper values * . ♦ .* #*■».. As the, throat depth decreases or' the 
■ ?eaturl; head increases, the effects due to the waves are 
reduced. #.
It can be said, then, that for measuring ouroosest ■ parallel 
flow in horizontal rectangular- throats of whatever dimensions, 
is not attainable* ■■■-
...The tendency of the water surface is to--become lower.and 
lower in the direction of flow until.- it reaches- ,the critical 
depth, or the apparent critical depth when it goes-..-up.'.again* 
or continues to sink still lower if. the apparent critical. 
depth.;is at the end of the throat. .
The -critical depth in the rectangular sect ion-is. known .to 
be 2/3xds of the upstream head. If another cross section can : 
be chosen, for the throat,-which has a critical depth greater 
than 2/3rds of the upstream depth, this will prevent the 
surface of water, from going very low in the throat. But. this 
may-mean- that the mater surface will be shifted upwards, ..-as a 
whole, parallel to the surface corresponding to the rectangular 
throat* In such case the water.surface will still be inclined. 
The cross section which has a larger critical- depth will 
certainly raise the water surface at the end of the throat.
z m
: f hat .solves' half the.problem*, that remains- 'Is .to - discourage 
..the.surface from. ri sing.up .at. the entrance to the throat. A 
cross section, which becomes wider as. the 4 epth increases will
; solve. this. other half of " the problem. ■
• A.trapezoidai cross, section may then be suitable. But it 
is preferable for the-area of the cross section to .be 
' expressed by one term which contains the depth raised to some 
power* .;., 'The.;area of the -trapes©id is expressed by. two terms. 
.whiohwill. safes the. co.mputation of the flow, m re complicated*
.^A ■ t ri&ngular cross - section will toe more sulfeable, .if. the 
critical depth of flow through it is g  reater than 2/3rds of 
the 'upstream' depth. . \ .
: To chech that, suppose that a 'discharge nQil passes through 
the throat of a .Venturi flume at .a depth ■*?*•. ' '
.-If thee rose section of the throat is triangular with an 
apex' angle ' *20*, then the mean velocity will toe:
. v=-Q/y * tane
finetre energy per pound, of water .= . t£f% g x .y4tanV. .
W  constant/?4
■ . -x/y4 -.’
.Total.:."- fl : « * • , « = y + fjjA
for the critical depth:. (y + l/y4}=0
dy
p;The triangular section, however,' has a weak point. If 
the-water to be measured contains, solids, these solids -will 
accumulate 'in the bottom of the throat, thus rendering the 
measurement of the throat depth erratic*
The best cross -.section which can satisfy' all the. retire­
ment s was then found' to he the parabola*
To calculate the critical depth of. water flowing in a. 
parabolic throat, the discharge is supposed to he flowing
For the e x i t  leal, depth ■ 
A. (y+i_ x 4  y V
cy. %  t>4
V I
Jig X ©4f
fir Q
x ■&»
• V
Therefore the critical depth is;
4 p r z -------
x  y
-4
2.
Therefo-re ' ■ y _ 1, % 3 v
and t ; . ’ ■
But v =>|2g x (y , - y^)
•Therefore ■.■ 7^/3= y, - y<*.
f i-e*) y_ '= I ?, cr i upstream depth. .
^  ., . 4 "i . 4
The tambolic section will' therefore be the;ideal cross section* 
St ill oppose, better than .the rectangular' section* the • 
depression,.of .the surface* for the lead; depth will he about 
3/4 yv #/.instead of .2/3 yx in a rectangular .throaty while %  * 
is not going to increase very.mob..fcisce the rate of increase 
'in/th® area of the parabola .is much more rapid than the rate of 
. increasev..of. the depthf which • means that the depth of water at 
the entrance to the throat will hare no chance to attain a 
substantial increase* At the/same time the area of ., the 
parabola in a direct function of ,*y» and is expressed by means 
of:-© no term: x  y ^ z :
■ . 5; . '
fire fluffi.es with parabolic throats (fig.. 101*J- were tested* 
the throat lengths were 12 and 28 inches* and in both . 
cases the same parabolic section hairing a focal length of 0*15 
inches was used.* following are the results of the tests*
The wafer profiles in these two flumes are shorn in figs* 
102f 1031 while the actual depth' measurements are given in the 
■appendix (Tables XXI, XXII}*
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The parabolic throats showed no improvement in the flow 
conditions#.
Ho more throats were tested because the last results were 
discouraging.
’It could then be concluded, that formeterina purposes, 
the flow in the horizontal throat of the Venturi flume cannot 
be horizontal, -whatever the form or dimensions of the 
throat may be. -
According to the plan set out on page 2 0 0 , the next step - 
was to find out what modification. could be made to the discharge 
formula to make it applicable to the cases of non parallel flow.
This idea was dropped altogether, because any modification 
meant plotting the profile of the water surface in each case of 
flow, measuring the inclination, of the surface, or jfcs radius 
of curvature if the flow was curvilinear, and making the 
necessary correction by taking account of the forces acting 
in the plane of the cross section where the1 depth ny2H is 
measured. Obviously it is not practical to do all that, even 
if it was going'to ensure 100^ accuracy*
It' should not be understood from what has been said, that 
the Venturi flume is an unreliable device for measuring the
rate of flow* It is one of the most perfect devices, only 
it is not a standard one,* in the sense that one cannot 
foretell its characteristics without calibration* ; The. 
discharge; formula for one Venturi flume may not be suitable 
. for another*.
•For accurate results, every Venturi flume should be 
calibrated to obtain its discharge formula* The formula 
should not be applied except to strictly similar devices 
and within the range of calibration*
It is very important to ensure that the tappings, or 
the sections where the d ept^ ij are measured, correspond 
exactly to those in the calibrated device.
As in the case of Farshall flume, “the formula is 
entirely empirical and applicable only to structures of the 
precise form tested11. (R.107, P*859).»
'When V* M. Cone presented the Venturi flume in 1$16, 
he said (R.£9> P.115)«’ '
“If the accompanying discharge curves, formulae or tables 
are to be used, it is essential that the Venturi flume be 
built according to the general plans, and the gauges for 
measuring the head be placed as shown in the plans- 
Alterations of the plans or position of gauges will 
necessitate a recalibration for the new arrangement.“
C» C* Inglis said (R.6 9, ?*12) that when parallel flow 
as the controlling section of the throat is not a/ttained,
“the conditions on which the standing wave flume formula is 
based, would not obtain even approximately, and the discharge 
formula would then be emperieal and would have ahigher 
coefficient and exponent than would be the case with parallel 
flow, vide Kirkpatrick1s short throated flume outlet, the 
discharge formula of which is Q = 3*2 BE1'6 .1
CHAPTER V .
CRITICAL DEPTH FLOW METER
From Herschell’s statement qioted in page 156 it was 
clear that the Venturi meter, more than ten years after its 
invention, and even until comparatively recently, had still 
to be studied and experimentedupon*,
The present work is an investigation of the Venturi 
flume, developed more than 30 years ago*
It mpst not be supposed then, that an idea or a device, 
once invented or developed, should be perfect and complete. 
This can only be achieved by gradual stages, after much .; 
experience and research.
It this chapter, the author presents .his endeavour to 
develop the ideal "critical depth flow meter". He should 
not bey,expected to present a perfect device ready for use, 
and, he has to confess, his device is still very mr from 
perfection. He does not consider himself. solely r esponsible 
for this. Other contributary factors are, shortage of 
materials and of labour, the restrict ion of funds, the 
limitation of space and of research facilities. One day, 
he hopes, his device may reach perfection, either by his own 
efforts ::or by those of persons who may have interest in its,, 
development.
In the last chapter, it was.concluded-that, generally
speaking, in a horizontal throat, horizontal flow, meaning 
parallel flow* -is unattainable#
Consideration must therefore he given to the discovery 
of a .suitable slope at which to lay the bed of the flume 
&id thus obtain parallel flow in the throat*
- Bearing in-mind that one of the targets aimed at, las 
to ensure"-the existence of the critical depth of flow at 
some sectionwithin the throat, the ultimate requirement was 
then the provision of a uniform critical flow in the throat*
It fas shown (page i(6 ) that in a channel of a, particular
cross section, a discharge 11Q m a y  flow in a uniform critical 
state at a depth Hy , fi if the bed slope is 1
A discharge "Q 1 'will flow:-in a uniform critical state 
at a depth * in the same channel, of the bed slope is
''S^ and so on*C^-2.
To use such a channel as a critical depth flow meter, 
the bed slope would be changeable* The discharge should! 
be known beforehand* The bed is then given the appropriate 
critical slope, and now, the flow being uniform and critical, 
the depth will be critical and equal to V  The dis­
charge can then be computed from the formula
where ’’a*1 and ,_bft are functions of ‘'y^11*
But that does not meet the requirements, because the discharge 
is not known beforehand, or otherwise there would be no need
for the meter*
One, and one only bed slope should then be used, and 
should force any discharge, within a certain range, to flow 
at a corresponding depth in avuniform critical state.
In other words, if the critical slope mgmm is plotted 
against the depth of flow, the resulting curve is required 
to fbe a straight line parallel to the My-axisM. (See fig.51) 
Analytically, this means that the value of ,fS 1 as 
obtained in page 117, should be constant andindependent of 
Hy» within the required range of'variation of nyf‘.
(i.e.) S — 14*6 n2x hj (p)4/(s*hs)
« constant .
In other words, (p4/ab3) should be constant for a particular 
channel of knownfinn at any depth "y^ .
What is wanted now, is to discover the form of the 
cross section which will fulfil the last condition, and have 
(p4/ab3) independent of the value of the depth HyM* -
If a channel having this cross section be laid with its 
bed slope equal to the appropriate critical slope .this
channel will be a critical depth flow meter. Only one depth 
of the flow needs to be measured and just aidstituted in the 
formula: . Q x
(where ,HaH and “b*1 are functions of the measured depth) to
obtain the rate of flow#
. A very simple recorder, similar to that shown in fig.44> 
may then be used#
It is not necessary to lay the whole channel'with- a' 
slope It is sufficient to lay only a length UL 1
with a slope f,SCVLn preceded and followed by the original bed 
slope MSat of the channel (fig# 104)*
This length ,s will replace the throat of the .‘Venturi 
flume and the top of the broad crested weir,' and then the 
construction will be easier and cheaper*
HL ■ H should be long enough to orovide a reasonable 
distance of length Ml42H for the measurement of the critical 
depth, where the flow would be unaffected by the conditions 
at the inlet and the outlet of the meter (i.e. at the 
beginning abb at the end of the length nL CA.n.)
In (fig.104a) where ,iSc^ M is greater than ftSu **:
L,= )/tan^=(yc^  - y^O/ein-x = (y,^  )/
\ =  (*«. - l/s^
L«,= y d  l2 -‘-(y*
= (y* ** yd)/sM.+-l2
In (fig# 104b) where is less than
Li = ,(y«u “ y«- )/s m-
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where y = critical depth corresponding to Q max.
Cft ' • . |jj|_
y =: uniform 1 H  n M  j j l j l
// modLifieol jjtjl
y =» critical depth due to the convexity of ;|K~
ca- ;irt~
flow at the beginning of HL M-, corresponding to 
• : Q max. (see page 1 9 6)
It must be noted that UL x and ,!L3H represent horizontal 
hydraulic jumps with zeroheights, which is the type of jump 
accompanying-critical flow. (See page iS3)
M'-
L±_
14“
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The author, helped by his supervisor and some mathema­
ticians tried to find mathematically theccross section which 
fulfils the condition: p4/ab3= constant.
l;hen he failed to find a'.mathems/tical solution, he tried 
some 'known sections including the - triangle, the rectangle, ij
the trapezoid, the parabola,'the catenary, etc., but could nd
• ■ ■ ■ . ij
find: any section which would mathematically fulfil the condition. Jj
He had faith In his deductions and did not lose hope of ;j
finding a solution. He noticed that the critical slope :|
curve (a) (fig.51) corresponding to a cross section of a bed y
5 ft. yin width and with outward side slopes of 1 : 1 was
nearly a vertical straight line. This led him to compute ■
the critical slope curve for some section which had 1 : 1
outward side slopes but had different bed widths. He used ij
■ ■ H i
the formula: |y
(p) /(ab3)
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The value of “ii “ was taken as (O.QllQ) corresponding to 
‘’piaster in •cement _ and sand11*'
Then S *14*6- x (0.011)* x (p/a)^ x (p/b) ' -4%
CA-
The values of “a, b, p “ being given in feet. If their
■V: ■ '1 ^  /
values were given,in inches, then
2. >3
S -14*6 -X (0.011) X 12x12 ) ,X (p x 12 )
Iff
= 14.6 X (0.011)2 x (12)/3x (p/a),/% x (p/fe)
y3
=0*00405 (p/&) (p/b)
; It should be mentioned here that the choice of the proper 
value of "n1 is of great importance. The surface of the 
water-will.be parallel to the bed in one case only. This is 
when the loss of energy against friction and other factors is 
exactly equal to thegain of energy due to gravity. The 
latter depends upon the bed slope which is a function of . ‘n’d 
Therefore an improper talue of nnM or an improper value of 
the bed slope will not allow the water surface to be parallel 
to the bed.
With the sections having 1 : 1  outward side slopes, the 
tendency was for the critical slopes to decrease with 
increasing depths* He, tried some other sections w ith, sides 
sloping 1 : 1  inwards to see the behaviour of the critical 
slope curves. This time, the tendency was opposite to that
of the. previous series. He thought that rectangular-sections 
“would have an intermediate effect on the critical slopes, and 
computed the critical slopes for some*
.The. results of;the above three series are given in the 
following figures, and in tables XXIII to XXXVII in the . 
appendix.' ■ ?
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From fig. 107 > if appears that for a rectangular flume 
to act as a critical depth flow meter, with the bottom laid 
at an average critical slope, the_sutable range of 
applicability of the device will depend upon the width of., th 
flume.
For instance, for a certain allowable percentage of- 
error, a channel 24 inches wide., laid at a slope of 0.0040 
will be suitable as a critical depth flow meter for a range 
of’.depths between 1.00 &nd9*27 inches (i.e.) for a range, 
of flows between 0-2725 and7«720 cusecs.
If a lower’percentage of error is allowed, then the same 
channel ?ifith a slope of, 0.003875 will be suitable for a range 
of depths between I.25 and7*75 inches■(i.e.).for a range 
ofiflows - between 3*8 1 -and 5*86 cusecs, and so on.,
A wider channel will be suitable for astill wider range, 
•but ' the' lowest- limit willnot be as low as that corresponding 
tota narrower channel. ■
On the other hand, a narrow channel will have a very 
narrow range.
It was tried to improve the characteristics of narrow 
rectangular channels by slightly sloping the vertical sides 
inwards or outwards* ho success was attained as appears from 
figs* 108, 109 and tables XXXVIII to XLIV in the appendix.
Even if there was any success, it would not have been 
worth the trouble to build the sides at an angle of BB^O1 or
^Ttrn
fel■rjh^ r^ r
?3\7~
-j— I—
-4 i— J— }—|4Xl.
.4 .4.
4-4-
T~~
-4-1-
91° to the horizontal*
. .Unfortunately it.was not possible to do any experiments 
on wide channels* The only available channel was that used 
for investigating the Venturi flumes (fig* 1 )* It was only 
17*875 inches wide. '
The construct a wide flume with ite accessories would 
demand’, space, material, a large pump, .workmanship, time and 
money,- none of which was available.
Only some rough experiments with the existing narrow 
channel were carriedout.
. A smooth sheet of bakelite 48 inches long and 3/8 'inches 
thick was laid in the channel on a sand bed at a slope of 
O.OObO* The sheet was preceded by a concrete approach and 
ended by a concrete toe (fig.110). The slope of the bakelite 
sheet;was calculated after measuring the drop of its two ends, 
by means of the point gauge, from a steel straight edge laid 
horizontal.
It was difficult with this primitive method to adjust 
such a short sheet.to a prescribed flat slope of 0.00425 as 
is ..suitable for this critical depth flow meter*
The following table (XLV) and (fig.110) show the results 
of the experiments as well as the critical depths (in inches) 
corresponding to each rate of flow calculated from the
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It was noted that the surface of water was excessively : 
‘waving*,. It was first thought that that might only have been 
due to the flow being critical, in which- case the u epth is 
expected to vary substantially with any slight variation in 
the energy of flow (see fig»34)* That was actually the 
case, but the change in energy was .not only slight but 
appreciable because the sides of the channel were somewhat 
corrugated and not perfectly plane as a critical depth 
flow meter ought to be.
To make sure that the effect of the bottom slope was 
not the only cause of thewaving surface, the bakelite sheet 
was tilted and-laid horizontal* . ' •
TAELS XLYI
Flow in a'Rectangular Channel with a Horizontal Bed.
Ex~ 
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Table (XLVI) and fig.Ill, show that with the horizontal
bakelite sheet, the water profiles were almost as wavy as when
z m
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y  (in ches)
d i stance 
along the bed
horizontal
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the.sheet was at a slope of O.OGbO* This proves that the 
waves-.are mostly due to the condition of the side walls .and
.fpfnot to • the "principle of the.,device* :
It was also notegjthat the value of the critical depth 
was always higher than the corresponding observed depths 
of water over the inclined sheet# This was obviously because 
the slope was. 0»0060 which is greater than it should be, for 
the range of flow experimented with. This is confirmed by 
comparing the depths of any particular flow from tables 
XLY and XLYI- It is clear, that for the same rate of flow, as 
the slope becomes steeper,ithe depth of water becomes less.
For a smooth rectangular channel of 2A inches width, a, 
suitable average critical slope is 0*0040, see fig* 107*
By chance, two of the broad crested weirs tested by-Woodburm 
in a channel of 24 inches width had their top laid at a slope 
of 0 * 0 0 4 0  (series BB and DG, fig* 7 2 )*
It is observed that the critical.depths indicated by the 
little circles lay on the profiles c£ the water surface at.' 
quite•a good length along the top of the weirs. This means that 
the profiles were parallel to the top of the weirs and 
that 'the depth of water in nearly every case was the correspondin 
critical depth. The values of the critical depths, as'obtained
by booaburn from the formula
i <SU *•
_  ^/Jwere correct in these series since the flow was parallel*
This, confirms the author’s guggestiop, and proves’that
his critical depth flow meter is not an imaginary thing.
It is still necessary to test some rectangular channels 
with different surface conditions*
It would be a great help if an attempt were made to
discover the.ideal cross section by solving the condition .
(p4/ab3) = constant*
As the above results were obtained by applying Manning’s 
formula for the resistance factor ’c”, it would be worth while 
to try some other formulae such as Darcy’s, Bazin’s, Kutter’s, 
etc. .
Barnes’ formulae for parallel flow, use a constant 
resistance factor* 'When they become approved by the profession,
■ The criticism may be made that if a channel with a 
particular cross section is laid at an appropriate critical
within a certain range*
j,It is not to be expected, f says Muckleston (R 1 0 7, P*854) 
uthat any one device will be applicable under all conditions.“
they.will facilitate, to a great extent, the design of the
device*
slope, it will be suitable as a critical depth flow meter only
■' Nevertheless, - the suggested device could he used for agr 
range required. '
If the specific energy curve (fig* 112), he divided hy 
equidistant vertical lines to form the shaded areas, then 
the critical slope will he suitable .within- the range
of depths between Mcn and
"Scjl/  will he suitable for the depth's between ,fhf< and 
=, and-those between ,rd" and ' HeM. • '■
” .will be suiabie for the depths between %*' and Hbn 
as well as between ife 1 and ”f,i.
r Therefore, if in the'channel, a series of inclined beds 
be laid, at S ' S- and (fig* 113) the device will
| CJL. 2. o
be suitable as a critical depth flow meter for the range of 
depths between" "a” and !,f T h e  width and the number of the 
shaded areas can be decided upon according to the allowable 
percentage of error*
In the last case, it would be necessary for measuring the 
discharge over the three parts of the device, to attach 
an automatic recorder to each part.
. V :  The first recorder is to be designed to register the flow 
in the part with bed slope M,- only if the depth is between
HcH,and "d1 where the flow* will be critical.
The second recorder attached to is to be designed
to register the flow, only if the depth is either between “bM 
■and^c" or f'dH and HeH, and so on.
Critical depth flow meter
/\
/ \
BS
Critical slope curve
Recorder for critical depth flow-meter
2 6 3 —  N4C
Hot more than one instrument will be recording the flow 
at one .time*
The author suggests, as a preliminary idea, the use of the
recorder shown diagramatic,ally in fig. 114*
It consists of a float with a rod carrying a clock 1!A M 
which rotates a cylinder “Br<. on whose surface there 'is one or 
two projecting toothed parts "T, h and V
. According to the level of water, the float and the cylinder 
will move vertically* Corresponding to certain levels of the 
water, ,!T, M or ”T2 is will pome into contact with a toothed 
pinion !tPH causing it to rotate* The rotation of the pinion 
will:-be transmitted by means of a rod and sc*ew gears . HGrH to 
a counter ”01 which indicates the amount of flow.
;:The toothed parts *1, 1 and HT21 are to be designed so that 
the instrument will record the flow corresponding to a 
particular range of depths, and that the rotation of the pinion 
and the counter indicating the rate of flow will be continuous 
when.the water is flowing -at the maximum depth of the range, and 
becomes gradually intermittent as the depth becomes lower*
The instrument (fig. 114), for instance, is suitable for the
part of the device with (figs* 112, 113) * To know the
total discharge passing through the meter, the readings of the 
three recorders, curing the required period of time, should 
be added together. ' /
.The inclined beds should be made sufficiently long for 
the depth measurements not to be affected,by the hydraulic
dropfat the beginning of » Scx3 and the hydraulic
jumpy at the end of S c^z *
The position and the length of the hydraulic drop and the 
hydraulic jump could, be calculated by means of the varied flow 
equation (page 1 29) , and by calculating the conjugated, depths 
of - the jump (see page 1 5-1 ),
tit should be noted that the bed and the walls must be 
perfectly plane.' Since Yenturi flume throats are sometimes made 
of east iron lined with stainless steel (R 93? P* 5%7)- -why 
should not the present device be made in the same way? .:
Advantages of the Author1s Meter.
-.This meter has all the advantages of the Yenturi flume, viz: 
it causes no silting and sacrifices only a little head, if any.
It is superior to the Yenturi flume in that:
.1 - .its formula is standard and is not empirical*
2 '--It. can be used for as wide a range as required.
3 - only one depth needs to be measured.
4'- the velocity of approach effect is eliminated as well as 
the problem of the coefficients*
5 - a very simple recording instrument, (fig. 44) can, in most 
■cases,- be used in conjunction with the meter, thus avoiding 
the use of the more complicated and^ess accurate 
instrument (fig.. 4 8 ) which is necessary in cases where two 
depths of the flow ought to be measured (e.g. drowned 
Yenturi flumes).
■:y - t m  '■
CHAPTER VI*
SHARP ^ EDGED.PARABOLIC BOTCH.
A subsidiaryj though fairly important, discovery was made 
during the study of the parabolic throat of the Venturi flume.
As different lengths of the parabolic throat were to be 
the subject for experiments, a minimum length of zero.value 
suggested itself. This gave rise to the idea of studying the 
flow through sharp, edged parabolic notches.
A. parabolic notch having a focal length f'f * of 0*15 inches 
was. cut in a l/8th inch brass sheet, and the flow through it 
was tested.
h The most convenient way for tracing the parabola was found 
to be by making use of the characteristic that it is the locus 
of .the points which are equidistant both from a fixed point 
called the “focusand, a straight line called the “directrixH.
Suppose that (f ig. 115) ? is the focus and "AB*1 the 
directrix, and the distance between them is twice the focal 
length (*i*e* “Sf1').
From , a straight line is drawn perpendicular to "AB" 
to cut it in |{GH*
Let this line be called the “y-axis"*
“FCH is ’then 'bisected' in - “0 %  through which the ■ "x-axisH
is.drawn perpendicular to the "y-axis1 and parallel to “AB".
The point “O'! is a point on the parabola, since it is 
equidistant from HFM and nABn.
Through any convenient number of points L, 11, 11, etc. bn 
the "y-axis**, straight lines parallel to HABH are drawn.
> i i
The points L , M , H , etc* are determined on the
•’y-axis", where
/ / / *
LL — iS&M = liiM **•**•*•*• * = £1 m
Any point on the straight line L LL^ill be at a distance 
from the directrix = LC
= LF H- FO 
: = iL'
/
Then with ,!F u as a centre and "PL " as a radius an arc of a 
circle is drawn to intersect L LL in "L t n and "L2" each of 
which will be at a distance equal to "FL* 1 from both the focus 
and the directrix, and hence they lie on the parabola.
_ In the same manner, the points M (, , I,,etc. can
be determined.
be
The parabola will then/the curve connecting
I •> ^ 9- ^  2. >
putting LL^  =. "b , ,f (i. e.) Lt L£ = 2 b, , then
bf = (L'L) x 2(l'f) i ' L ' t f a 1' '
(2 f) x 2 (yt
M l
2f
Zt
Const ruction of a parabola
parabolic notch
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where.-y * the distance of “L H from the x-axis,- or 
generally y = the distance from the' point on the parabola 
to the'tangent at its apex.
Generally, for any point'on.the parabola:
' * '■ b Z— 4fy.
To'deduce the discharge formula of the parabolic notch
iet: nqn be the discharge through the element those length is
n 2b1 and whose height is ndyH (fig. lib) and let “Q*1 be the
total discharge.
5 Q = • 2b. dy x^2gh where ,fhn= H ~  y (fig. lib), and’H1 -
is the head over the notch.
and Q =. J2b dy x^2g (H - y)
V = 2 2 ^  J Y x  nJTh - y) dy
- 2 x Jdj4 f y x ^  (H - y) dy
= 2 x ^  2g" x 2 'NJTT J>fy* x ^[(H — y) dy 
= 4 ^ 2fg j>|y" x ^(H - y) dy
2
putting y =^ H sin0
and dy=2H sine cose de 
then 4 isfg (^H x sina& ) x ^H(l - sin2e ) dy
= 4 'p'fg J' (^H sin2-©) x ( Hcos*9) x 2 E sinQ cose- &e
= 4 l2fg J (H. sine cose ) x 2(H sine cose )de,
= 4 Tcf g J 2 Ha(sine cos2e )de
=. 4 iifg J £ H 2 x (1/2 sin 2 e b  d ft ,
239
-s- 4 Nj 2 fg* fcH2- 2 1/4 X (sin2, 2# d# )
2. .r—•■•■" ■ r . 2. , n _  ■ / "= .2 Ha x ^  fg  ^ sin Z 26 d0 
* BE2' x >[2 fg (sin2 2 0-f sin*^  2#) da
— 2 HZ x >jc f g J 2 Jjsin2^  9 +cos220) + (sin^Se- cos ^ 0  d«
= £ H2’ x ^2 fg J i .[_ 1 - cos 4e}d6
= H2 xtc fg J ^(de)- (cos 4 0 d0 )3 •
=  H2 x ^ f g  jj(d0)~ ,i(cos 40 d 46 )]
: . —  .H x^2 fg x & ■« sin
-The limits of integration are ^=0 and y — H
Ti'hen y = 0j then Hein2# =■ 0
and Bin#-0
(i* e*) & — 0
2.-Iheny^H, then Hsin 9 = H 
and sin 0 - 1  
(i.e.) 8 = ^ / 2
V2.
Therefore "Q"= H 2 xjfl- tj: sin 4®J0
= H 2 x^£fg x[( TT/2 - O)-i(O-O)]
=  H 2 x\|2 fg x (Tr/2)
= (12.6 pf~ ) x H 2 
2.— constant x H
At last, the outlet whose discharge varies as the square of 
the head of water is discovered, and the °missing outletri 
(page:6 7) is'then the parabolic notch.
The discharge formula arrived at gives the discharge in 
cubic feet per second,-where ' ‘f 1 and f,H u are in feet*
:• .Usually, Mf 11 and i;H 11 ■ are• expressed in. inches*
Therefore Q = (12.6 n} £/l£) x (H/iaf
= (12.6 T T  ) x H 2 x 1/144 ^ is"
= (0.02525 ff) x H *  cuseos.
To allow, for side contractions and other indefinite factors, 
a coefficient <!0 f' is introduced*
Then : Q = (0.02525 '$£) CH2 cueece.
When ; f -=0*-15 inches,
then Q = 0>00978 G cusecs*
Now, it remains to confirm this formula by experiments
which will, at the same time, give the value of ,iCH.
The above mentioned parabolic notchihaving Mf H— 0*15 
inches, was experimented upon, in conjunction with the -apparatus 
shown, (figs. 117, 118)* The apptratus consists of a tank 
6 x 3 :x 2 feet, divided into two -equal. compartments, a 
centrifugal pump can pump water from either of which at a time 
by the use of a two-way cock*
■The water is delivered to an elevated tank or channel 
having;two perforated baffle plates. At the far end of that 
channel the notch is placed*-
Fig. 
11?
Apparatus 
for 
testing 
notches

Tlie water passes across the baffle plates, then through 
the notch and f alls down to the left compartment-.of the first 
tank. ‘
This tank was weighed with water - filling the right compart­
ment at different levels. A glass gauge is connected to this 
compartment, and a scale is attached to it, showing the weight 
of the-empty tank plus the weight of the water filling the right 
compartment at different levels. Each figure on the scale ' 
gives the w eight corresponding to the level shown in the glass 
gauge against that figure..
The difference between .any two-.readings gives the weight 
of water filling the tank between the levels opposite to these 
two readings*
The right compartment can he filled through an orifice 
in the bottom of the elevated channel which can be fed by the 
pump from the left compartment.
The brass sheet, in which the.parabolic notch is cut, was
fixed to the end of the channel by a suitable number of bolts
.: ■ 4- ' ' ' / 
and nuts. Care was taken to seal the junction between the
brass Eh eet and the- wall of the tank, by placing between them
rubber tapes having holes corresponding to the bolts*
The. head of water over the notch was'measured by means of
a point gauge.
IT 4
To determine the zero reading of that gauge, corresponding 
to the apex of the notch, the apparatus shown in fig. 11$ was 
used. It is to he laid with its face "AB” on a true plane 
table. The point "E" of the book gauge isadjusted by means 
of the milled screw uWtt and the lock nut HGH until it just 
touches the top surface of a machined steel block of 7/8 x 7/8 
inches cross section. In such a case, the point ,(HH will be 
in the same plane as ,iO;OE,,»
The edge of the prismatic part "CD" is then placed on the 
apex of the notch with the hook gauge inside the tank. The 
screws ,,K" will then touch, the inner face of the brass sheet. ■
A sensitive spirit level is placed on top of ‘’AB" and the 
screw touching the outer face of the brass sheet is adjusted 
until the plane HAB “ is horimtal*
how the point ,Hn is in the same horizontal plane as the 
apex of the notch.
Water is added to, or take from the channel with extreme 
care,'/ until its surface just touches the point f,Hfi. The 2 ero 
reading of the point gauge is then adjusted.
To start an experiment, the right compartment is filled 
and then the pump is allowed to feed the elevated tank from 
this.right compartment.
The head over the notch is measured and observed until it 
becomes steady, in which case the rate of pumping is'equal to 
the rate of flow through the notch*
r
ifl.119 
.
A
d
ju
s
tm
e
n
t 
of 
the 
zero 
read
in
g
 
of 
a 
n
o
tc
h
o
ip :
CO
ft
iWMiwWii
■i.: The time which elapses 'until the water falls v down from 
one convenient level, in the right compartment, to another 
is then measured by means of a.'stop watch. The weightof 
water pumped within that time is the difference between the 
two readings on the scale, corresponding.to the initial and 
the final levels as indicated by the glass gauge.
; The rate of pumping, which is the rate of flow.through 
the notch, is then the quotient of the weight of water, 
divided by the time*
: Table XL?II and fig. 120 give the results of the 
experiments, from which it. appears that Q = IL H .
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It was found during the experiments that it was hardly 
possible for one person to operate the apparatus satisfactorily. 
It was very difficult to observe the steadiness of the point• 
gauge reading, to start theiwo-way cock lever, to notice the 
glass gauge readings and to work the stop watch simultaneously.
In addition,■the point gauge readings were affected by 
the waves on the surface of water.
. It was decided, then, to use a more convenient apparatus 
which could be easily'operated by one person and whose point 
gauges were enclosed in stilling tubes diameter similar 
to: that shown in fig* ,83*
The new apparatus is shown (figs. 121, 122). It consists 
of a main reservoir and two tanks, one on top) of the other.
Each of the tanks has two baffle plates.
The water is delivered by a centrifugal pump from the 
reservoir to the top tank which has a standard 90° Y-notch.
The water flows through this ndch and fells down into the
gf . A
lower tank* To this tank, the parabolic notch is fitted.
The water passes through the parabolic notch and falls back, 
to the reservoir to follow-the same circuit again. The zero 
’reading of the point gauges is adjustedin the same manner as 
described in page 276'*
The flow of water is regulated by means of a stop valve. 
Ihen the level of water in the two tanks is steady , meaning
Fig. IE 1 
Apparatus for testing notches
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•that the rate of flow through the two notches is the same, 
simultaneous readings of the heads over the t wo notches, as 
in.dicated by the point gauges, are taken.
This apparatus, was used to sternly the flow through five 
different parabolic notches (fig* 1 £3)> having focal lengths 
,f f1 of 0.05, 0.10, Q.lp, .0*25 and 0*40 inches.
The five notches were tested in winter.
The first, the third and the fifth, were tested also in 
fsummer. •
Tables XLVIII - LY and 'figs*- 124-128 show the results 
.of the experiments.
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the. curves caa h e ; very a s h  app recast eit to: straight lines, v& th  
■2-\t: X inellnatlc:i* ■ ■ . > \ :::'" ■ _ . .
■ T h is means that, the discharge varies.as -the s m m m o t the 
head of. water over-the mstah*. m id,that 'tte 'theorotieai, ..
- .a . ;q » 0*02525 'i f *  H ' ' v  ■
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fo find .the value''of ncTh the l&tereept
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Discharge. '^efficients 
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f
i . 0/s '‘r.f *
I - 0 * '
I
ereept on 
g rQn m i s
ari^V / ;»i
q/H' 
amif' log?; 
10fi.;.(Q/Ha)
i«‘ /  ,n
,..... ........._,J;;'a-]. f.'M"'l;‘.n:,Vwf' •^f-;;;-1
640 .1 0*004260 0 .755
680-'. 0,004672 0,585
760 0.005754 0 ,5 § 7
865 . 0,007340 0 , 53^
96O 0,009129 0 .5  %
1
2
■0,05* 0.00565 C
o.id«.j0 .00799-0 W  
, , 0*15” 10.00978 <*n&
4 0.25” f0.01263 S W
5  o * 40«  J 0.01599 s ^ 4
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The coefficient: M for the last four notches has a
more or less constant value of about Q.58. The first 
notch has a coefficient which is comparatively higher in 
value., This is probably due to inaccuracy in cutting the 
notch. 1 This notch,-'.being the smallest, wilhcause a 
bigger error than that cuased by a larger notch if the 
notches are not perfectly cut.
It is safer, then,, to exclude the value of the 
coefficient' as given by the smallest notch, and until 
further tests are done at different temperatures with 
different edge sharpnesses and in various circumstances, 
the author suggests that nCH may.be taken as 0 .5 8, thus 
rendering the discharge formula of the sharp edged parabolic 
notch to the form: ■
Cj = 0*02525 pfsO-SSH2 
or Q. =0.014-61 ^ jT x H cusece 
where f,f fi and nK H are in inches.
The discharge through a parabolic notch, with a focal 
length O.487 inches will'be;
0.01463 i 0.467 * h*"
=- 0.01483 x O.684 x H2'.
= 0.01 H2*
= (H/lO) " cusecs
The most extreme care and accuracy was- observed in
conducting the experiments. The author, however, is quite 
conscious that there were many factors preventing a greater 
precision in the results* One of these factors was the
difficulty of cutting the notches to the exactly precise
form.
The parabolic notch was criticised as being difficult 
to cut accurately. It was wrongly thought tlafc its mass 
production, even with a puncher, was difficult if not 
impossible*
In fact the parabolic notch can very easily, quickly, 
chee,ply and perfectly be made..
If a conical milling cutter rotating round its axis be 
applied to a sheet of metal perpendicular ,to that axis, a 
: circular hole will be formed in the sheet. If the revolving 
cutter is tilted a little, an ellipse will be formed in thf
i  v ■ v i rs
: sheet. . \ \ ,f\ ■
. .— .v—
If the sheet is parallel to the axis a bevelled sharp j 
■edged parabolic notch can readily be produced.
A 7-notch will be formed when the plane of the metallic 
.sheet contains the axis of the cutter. To be ready for 
use, this 7-notch wi^l require another operation to sharpen.^  
; its edges.
This shows that the parabolic notch can be mass 
produced more easily and more accurately than a 7-notch 
;and even then a rectangular notch. f
Similar to the-V-notch, it is more accurate than'the 
rectangular notch in measuring low rates'of' flow*...;’
It is more accurate than the V-notch, since the same 
percentage of error in measuring the head over the 
two notches will, result in a less percentage of error 
in computing the discharge passing through the 
parabolic notch, than the- percentage of error resulting 
in computing the discharge passing through the V-notch. 
Its discharge formula:. Q,— KH is definitely easier to 
calculate than the formulae of the rectangular and the 
V-notches (at least when a slide rule is not available). 
It is superior both to the rectangular and the V-notch 
in being more easily and more accurately mass produced.

(TABLE V)
. Bestangular Throat 
b* 13 9*543- & .L*12«
Different discharges and variable
downstream depths*
nii'iMimw.mf 1'i.^ wnm *■ -m.-«<■  ... . .................................. ...... ..... ..........................
Depth of flow in in ones*
ment
HOr'
Head Q Inlet
over to
Weir cusecs Flume
1 ■ a
Throat
3
!hroat
Outlet
of
Flume
■ 1 6.26
- 2 6.25
P 6*25
04
er 6.12£ to
I
O «• X
6,12
*7 6,10
8 6.10
9 6.08
10 V 6.06
11 6.04
12 6,03
13 ■ 6.02
14 6.02
15 • 6.00
16 ■5*99
17 5-97
1 8 .: 5*95
19 5*954TSS\' .£Sj 5*95
21 5.94
22 5*94
.23 5.94
24 5*93
25 5*92
26 5.92
27 5*90
28 5*90
29 5*90
1.7 3
7.?4
7.71
7.75
7.6 9 
7.60 
7.66
7.54
7.82
7.44
8.06
7.53
7.53
7.50
7.43
7,40
■7.44
7.56
7.47
7.36
8.85 
7.39 
7.34 
8.00
7.7 2
7.52
8.86
7.50
7.50
5.73 
5.69 
5.67 
5.71 
5.63
5-59
5.55
5.49
5.90
5.06
6.30
5.50
5.50
5.51 
5.45 
S. 37
5;
5.47
3.40
7-75
3.41 
5.34 
6.46 
5*93 
5*57 
7.88 
5.56
5*31 3*62
5.2 7 2.60
5*27 . 2.61
5*36 6.61
5*25 5.76
5*17 2.46
3*14 5.45
5.16 2.46
5*59 7. 21
5.00 2.24
6.07 7.65
5*12 2.30
5.11 5.08
5*16 2.48
5.10 2.48
5,00 2.48
4.84 5.25
5.20 6*35
5.08 2.52
5.02 2.4 6
7.80 8.65
5*02 2.42
4.96 5.22
6.34. 7.68
5.69 7. 25
5.24 6.67
7.86 8.66
5-.20 6.50
6.575*20
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(TABLE V) aontinuea.
Experl- Head Inlet' . Outlet
■ ' ment over to' 1Z ?* o f
■,.No* Weir ousecs T?! inn abu *w£m> Throat Throat Flume
• 30 5.90 7.48 ' 5.51 5*12 5.26
31 5.90 7.45 5*44 . 5*08 5.60
■3 2 - ■5.90 7.45 ' 3*40 5*04 3.20
" 33 ' 5.90 7.40 3*45 5.08 5.59
3:34 5.90 7.38 5.42 5.02 2.44
35 5.90 7.30 5*40 ; 5.04 2.44
V- -36 . 5.90 7.56, 5*40 5.01 ■ . 2. 43
7, 37 5.90 7.35 ' 5.35 ■’ 4.98 2.52
: 38 .■; 5.87 7.44 cr cwa'. ' j * ' 5.07 5.76
-.39" ' 5.87 7.38 5.44 5.Q6 5.04
.-■■ -40 ■ 5.86 7.45
7.28
5 * 44 5.07 5.00
41‘ - 5*86 5.3O 4.94 : 3.37
 ^ 42 5.85 7.90 6m 46 6.15 7.56
V 43 5*85 7.54 5.53 5.31 6.85
44 5.85 7.35 5*40 5.02 tz 7c: )* jJ
45 5.85 7.31 5.54 4.80 5*10
4o 5.85 6.97 5*41/ 5.08 5*45
47 5.84 7.65 5*74 5.44 7*01
48 5.8I 7.25 ■ 5*30 4.98 5*00
49 8.76 8.86 8*08 8.05 . 8*75
50 5.75 7.13 5*21 4.86 5*02
51 5*67 9-53 Q POO* PP
■O ■• O if0>4 0 O 9*36
52 5.67 7.44 5*67 ' 5*47 ■ 6*95
53 5.67 6.98 5*14 4*78 2*38
V. : 54 5.65 ■ 1*240 7.00 5*12 . 4*78 2*42k,s 5.5 7 1*221 6.89 ■ 5*00 . 4*68 '2*36
5 6 8 .5 6. 6.87 5*02 4*71 2* ^4
57 8.55 1*210 6.90 . 5*05 4*73 2.36
58 4.49 1*200 6.80 . 5*02 4*78 2.40
59 5.48 9.84 . 9*30 9*25 9.70
60 n.48 7.21 5*55 5*30 6. 80
61 5.48 6.90 5*02 4*73 '2.40
62 5.46 6.78 4*94 4*65 4,72
: 63 5.45 6.83 6*5o 6 * 20 4.80
64 5.44 1*100 7.04 5*49 . 5.30 6.75
65 5.44 6.92 5*10 ■ 4*78  ; 5*75
297
(TABLB V) continued.
Expert- Head ' 'Q Inlet
merit . over \ . to •
Id* Weir- oxiseas Flume
Outlet
.1 . ' 3.2 & Ox
Throat Throat Flume .
6 6 5 . - 4 4
* 6.75
6 7 5 . 4 4 6.70
6 8
6 9
5 . 4 3
5 . 4 2
6.83
6 . 6 6
7 0 5 . 3 9 6.74
71 5 . 3 8 6.80
72 5 . 3 8 6.70
7 3
rr
D* J! 6.72
7 4
tz -zcz 
■ J * _> 0 6 ; 9 3
7 5 y  #■ J y 6.70
7 6 5  .”2 9 1.135 6.50
7 7
c  0*7 
J* ^  L 6.54
7 8 5.'26 7 . 0 5
7 9 5 . 2 3 6 . 6 4
8o' ■5**0 6 . 5 4
8 1 5*23 ■ 6 . 4 8
82 r? "99 6 . 7 4
8 3 5.19 1.106 6.S2
8 4 5 . 1 8 7 . 4 0
8 5 5 * 1 7 6*40
8 6 5.16 6*41
8'7 5 * 1 5 6*37
8 § 5.13 6*34
8 9
ir 1 0; <* J*. <£. 6  * 8 4
9 0 5*11 6*40
9 1 5 * 1 0 1.080 ■ . 8 ;  5 1
9 2 5*07 5*25
9 3 5*06 6*30
9 4 5*05 6*28
9 5 5*03 6*41
9 6 5*01 6*30
9 7
9 8
5*00
5*00
1.050 : 6*74 
6*26
9 9 5*00 . 6.15
. 0 0 /  odt:r. # y 'v? 9*55
4*94 4* 65 4*92
4*9 4 4*66 5*99
5*00' ■ ■4*66 5*30
4*95 : 4*56 2*78
4*94 ■:4*65 5*47
4*96 ■4*69 5*45
4*832 : 4* 63 2*12
4*75 4*65 5*37
5.19 4*96 ' 6*44
4*90 74*63 5*22.
4*76 A A 2*28
4*74 4.50 4*82
5 Rn J * 09 '4*49 6*72
hs* Ov 4*17 5*60
'4* 77 4*10 4*62
4*75 4.65 2*05
4*90 4.20 4*45
5*23 5.0s; 6*40
6*48 8.40 7*20
4*70. 4*45 2*54
4*72 4*41- 4*65
4.36 ' 2*22
4.05 -4*F4 0 00
5*42 5*50 6.6 0
4 * 64 .. .4*37 4.61
7*71 7*65 8.26
4* 24 : 4*15 2.18
4*61 ■ 4*23 4.78
4*56 ■ 4*26 2.38
4*75 4*47 5 . 5 5
4* 63 4*36 - 4.26
5*42 5*32 6 . 4 5
4*59 4*53 5 . 3 0
4.50 4*01 2.52
9*18 9*11 9 . 5 0
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CgASLB V) continued.
perr-
meat,
1 ' Q  '
Head C Inlet
over. ’ . \ • to
Weir misers Flume Thro at Thro at
101,. 4-94. 6.06
ID 2- ‘ 4,92 6.20
1 0 1 ... 
104
4*92
4.92
6.18
6.17
105 4.91 6,10
1Q-S. ' 4*90 - 6.45
10:7- ■ 4*90 1*020 6,15
108 ■ 4*89 6.06
109 ■
110
4.8§
■ 4.85
4.42
6.14
111 4.84 6.02
1 1 2 - 4.82 6.65
115 4.82 6.58
114 4.82 5.99
115 4.82 5.94
liS 4.82 5.94
11? 4.79. 0*987 '5.96
118 . 4.78 6.14
119 4.78 5.99”1 or*fcJU 7U- A -ffiy ~c* / / 6.17
121 4.75 6.50
122 4.75 5.73
.La;? 4.75 5.98
124 4.72 6.84
125 4.72 5.76
126 4.71 7.12
127
128
4* 70 0.960 7.60
. 4*70 7.59
129'
150
4 * 69
/ w .** y
5.90
4*69 5.85
131 : 4*66 6.441 ro ■X J 4*64 6.10
133 4; 63 5.82
134 . 4*62 isry  *  / ^
135 4*61 0.932 5.66
136 4*58 I K«l 7h>X ;) / 4*58 2.67
138 4 *  j) O 5*7o
Outlet 
"of' '• 
Flume
4; * 4 ”5 ■4.16 2.15
4.56 e j  j 4 .25
4.65 4.50 5*21
4.54 4.29. 5*12
4.41 4.10 1 * 9 5r fi O 4 .9O 6*20
4*45 ■ 4.21 4*98
4*41 ■4.16 5*66.
4.35 4 .16 - 4.25.
4*55. ■;4.-28: 5*50
4*p9 ■ 4 . 1 4 4.66c; -£T xf 
.y «•’ .9 J 5*53 6.40
6.555 * 0 . 5.-24
4 2? <7 j*»* j  i 4.10 2.09
4 *3 6 . 3*95 4 * 1 4
4*33 4.11 4 . 1 7
4.34 4.0? 2*16
4*59 4 .37 5-0
4 *38 4*15 4.80
4*53 4.59 c;2*7 )
5*36 5*33 6.27
4.19 3*9-8
4*46 4 . 2 4 5.35
5*99 5.96 6.64
4*20 3.93 2.19
6.41 6.40 6.97
6.99 6.97 ' 7.51
6*79 6,76 7.26
4*36 4.14 5.24
4*29 4.08 4.65
R.41w. R *  AQ 6.25
4*94 4.88 6,00
4*29 4.07 4.94
4*17 3.96 3;94
4*07 3.89 2.11
4*23 3.98 4.61
4.11 - 5*9 7 2.04
4.25 - 4*05 5.02
899
( TABLE V) continued.
Experi*
merit
. Ho,
Head
over
Weir
to
susess Flume
i
Throat
4
Throat
Outlet 
of ' 
Flume
159 4,54 5,68
140 ■4,51 0.902 5-71
141 4*51 5.63
142 4,4:9 5.63
143 4 , .,0 6.35
144
145
4,44 
. 4,43
5*50
%o4
14 6 4,41 0,875 6.25
147 4,41 6,05
14:3 4.39 5.45
149 4.5 7 5.44
150 4,50
4.26
0.845 5.41
151 5*59
152 4.25 5.59
153 4.24 5.26
154  ^O*^ 0.813 5.37
155 ■ 4,19 5.54
156 4,19 5.24
157 4*19 5.16
158 4,19 5.16
159 4,17 5.23
160 4% l6 5-93
161 4*16 5.38
162 4,10 0,787 6.8-3
163 4*10 6,45
l64 4,00 5.65
165 4,07 5.21
166 4,-07 ■ 5.04
167 4,03 • 8.80
168 ' 4,01 5,04
169 4,03 5,04
170 4,02
0.753
4.98
171 •4,00 5.96
172 3*99 5.31
173 ■■ 3*96 5.04
174 3*93 5.00
175 3.91 0.730 4.75
4.1?
4.25
4*10
4.13
5*46
4.23
5*4)
4.99
5*98
4*00
3.93
4.04
4.37
3.85
4.05
4.37 
3.82 
3.78 
5»6b
3.86 
5*16 
4*10
6.35
5.89 
4.12
3.89
3.64
8.6o
5 .70 
3.68 
3.68 
5*32 
3.66 
7 2
73
,.4 *
3*W»
4.04 
3*92 
0*94
5.50 
5*74
4.04 
5*38
H £
j * k °  5*81
3*94
■5*86
4.29
1:1
4.29 
3.62 
3*58
9.68 
5.10 
3.96 
6.
5' 
3.91 
3.74
3.51
8.56
3.52 
3.42
3.52 
5*31 
3.«3 
3.60 
3.59 
5.34
4.74 
5.10 
47 27 
4.72
6.16
l‘.8l
4.98
6.19 
5.87
1.99 
4.53
4.4 7
5.05
5.30 
4.09
4.90
4.47 
3.86
1.75
2.34
4.47
5.75
5.05 
S.7i
6.30
3.91 
4.65 
3.38 
8.70 
3.90
2.20 
4.15
1:1?
4,-02
X * e,
300
(.TABLE V ) ‘.continued.
F^eri-
isent
" Mo*
Bead
over
Weir
Q
«usetts
Inlet 
to 
' I'l'ume
' ■ 1
Throat.
■ t
Throat
Outlet
o f
Flume
176 3.89
■ ■ ■
5.02 5*86 ,1s ^72 4*80
.177 3.85 5-55 ■ 4*86 04. 5^69
1 ?8 , *Jt» f \uS 3.80 4.96 3 m -  : 3.58 4*?4
.179 3.84 5.80 5*22 5.20 5.70
180 3.84 4 .82. 1*55 3.39 ' 5.-93
181 3.82 4.76 r>*$a 3.35 5 *49 .
182 3.81 4.92 5*82 3.70 4* 63
183 3-80 0.707 4.65 5*40 3.28 1« ?4
104 3.8O 4.65 5*41 73.27 1*6$
185 3.80 4.63 5*29 .. 5.19 1.53
18§ 3.78 , ■ 5.30 ;4o3' 4.58 $*14
187 3.76 5.70 :$*16 5.16 5 * 6l
188 5.73 4.94 5*93 3.94 4*?0 ‘
189 3.72 5.4 7 4*66 4.84 5*23
' 190 3»o9 0*630 6.39 6*00 5.96 6*30
'191 3. 66 > 7.36 7*14 : 7.10 . 7*20
192 3 .66 4.53 5*51 . 3.17 1*57
193 3.64 4-75 ■ 5.70 : 3.62 4*55.
194 3.63 5*61 5*12 5.O9 5-50
195 3.63 4*66 '3*52 5.41 4*i4
196 3.62 5*04 4*55 4.31 4*90
19? 3.60 0.655 8*45- 8*50- 8.28 8*40
198 3.60 4*62 3*47 . 3.34 4*0?
199 3.58 5*61 5*16** j* S.!? 5 *6?
£sj \J 3.54 0.634 4*89 3.4.6 3.33 4*10
li(£Aw? X. -3.46 0.619 .4*25 .3.04 2.91 2*91
202 3.42 4*24 3.11 3.05 '1*46
. 205 3.39 0.600 4* 25 3.19 5*12 %7o
204 3-37 4*25 3.23 'J.IO 3*33
■Of) &> 3.36 4*4$ 3.68 3,62 4*49
206 3.35 4* 21 ■ 3.23 3.11  ^* 64
207 3.34 4*6$ 3.93 5.94 4*58j*
208 X 3?*T7 * 2 JE. 0.580 4*24 3.23 3.15 5.96
209 3.26 5*54 4.93 4.92 5.26
210 3.20 0.551 ■ 4*41 3.72 3.68 4.43
211 3.20 . 5,94 2.93 2.83 1.42
212 3.18 4*19 3.35 “ 3.32 3.94 1
SOI
Expert-. Head' ' Q Inlet § |, Outlet
ment; over • to of
Ho*- f'^ ir $useies Flume Throat Throat Flume
213
214
215
217 
218
.219
220-
221'
222
2 2 4
222
2 2 6.
2 2 7
228
229
230 :
231
232 
253
235:
>7
240
241
245
246
24-7
248
2.76
2.75
2.74
2.72
2.71
2.71 
2. 69 
2.68
0,528
0.50!
0.478
0.455
0.451
4.98
5.90
3.06
4.17
4 .55
4 ,'~ '
6.70
’4
8.c 
3.78 
3.68
4.17 
3.85
•4 * 12 
5*10 
30 
5*14
5.05
4.05
4.49
4.05 
4,76
3.49 
4.01
5.42
3.58
3.50 
3.39 
8.35
5.51
1*7
i  *• /  J
4,14
a.
3*96
2,56
2..62
.2.-82
2.63
2.52
5*33
6 .0O
7.67
3.74
3.14
3.54
4,51 4.50
2.82 2,93
2,31 2,35
3.38 8,94
4.00 4,42
4.55 4.30
5*42 5-.60
6.46 6.51
2.60 I.34
7.87 7.9O
2,74 2.53
2.70 1.46
5.54 4.10
3.01 3,64
3,4-6 4,34
4, 76 5.23
3.73 4,14
4.83 5„06
4.75 5-00
3.44 3.9-2
4.09 4,41
8,44 4.00
4.44 4.60
2,58 2.52
3.45 3.50
2.52 2.60
2.53 1, 20
2,79 3.00
2.64 2,50
2.46 1.33
5.30 5.9
6.55 6.60
7.65 7.70
3.70 4.00
3-10 3.43
3.50 4.19
302
(2&BEJS y) soatlnued*
Expert-*- Head.
over . to 
msees. ■ Flume Throat Throat
Outlet 
of 
Flume.
2 4 9 2.68 3 . 6 6 3.11 3.05 3 . 4 8
2 5 0 2.68 3.35 2.75 2 . 7 0 2.91
251 2.67 4 . 7 1 : 2 . 8 4 2.76 3.21
2 5 2 2.66 3.88 3 , 4 6 3 . 4 3 " 3.75
2 5 3 2.65 ' 3 . 4 4 2.81 2.78 3.26
2 5 4 2. 6l 0 . 4 0 8 3 . 4 8 2.92 2.86 3.74
2 S 5 9  -RA}^vj 0.382 3 » 7 8 V 3 * 3 9 "? *5rhp) + Jf 3 * 7 0256 2.50
2 . 4 . 6
3 . 7 2 3 . 3 3 3*31  ; 3 . 7 4257
4 . 7 2 4 . 5 3 ■4.55 4 . 6 8
258 2 . 4 4 3 * 4 6 3 * 0 9 2*96 3 . 4 0
2 5 9 2 . 3 9 0, 3® 3 . 5 4 - 3 . 1 7 ■ ; > * 1 5  ' ■ 3 * 3 9
260 2 , 3 9 3 . 5 2 ■3.08 ■■■3-3*08 3 * 4 2
261 2.38
2 . 3 7
2.90 2.28 0 10«£,» 4. «• . 1.34
262 4 . 5 9 - 4 . 4 1 . d* dO 4 . 5 1
2 6 3 2.37
2.36
3 . 3 5 - 2 . 3 2  - 2.28 1 . 4 6
2 6 4 5 . 8 0 3 . 5 4 3 . 5 4 3 . 7 2
2 § 5 2.28 0.339 3 . 2 7 2.9O 2 . 8 8 3 * 1 8
266 2 * 2 8 2.95 2.56 , :- ' 2 . 3 5 2 , 5 6
267 2.28 2 . 7 7
4.30
2 . 3 8  ' ■ 2 . 2 1 I .43
4.10268 2 . 2 7 4 . 1 6 4 . 1 2
269 2 . 2 7 2 . 7 7 2.38
6 * 4 4
, 2 * 2 1 1 . 6 4
2 7 0 2,25' 0 . 4 8 6 . 4 1 6 . 4 1
2 7 1 2.25 5 . 2 4 5 . 1 4 5 . 1 0 5 . 2 0
272 2.25 4 . 1 0 3.92 ■ 3 . 9 0 4 . 0 - 6
2 7 3 2.23 7 *  3 5 7.29 7 . 2 0 7 . 3 0
2 7 4 . 2 . 2 2 3 . 1 5 2.70 2.60 3.10
2 7 5 2 . 2 0 0.320 3 - 0 4 2.56 - 2.52 2 . 8 7
2 7 6 2 * 1 9 4 . 5 1 4 . 3 5 4,35 4.59
2 7 7 2.19 2 . 7 2 2 . 2 4 2 . 2 0 1.62
2 7 8 2 . 1 8 2 . 8 4 2 , 4 2 . 2  .  4 0 2.65
2 7 ® 2.17 3 . 9 0 ■ - 3 * 6 8 3 . 6 8 3 . 8 6
28) ^#X/ 3 . 8 4 3 . 1 8 3.17 3 . 4 2
2 8 1 2 . 1 0 0 . 3 0 0 3 . 5 0 3.30 , 5 * 2 5 ' 3 . 4 4
2 8 2 1 . - 9 7
1 . 9 2
0.274 2 . 9 5 2 . 6 - 0 2.60 2.76
2 8 3
*> .^0■m* J/ &■. 2.16 1.81 1 . 3 5
303
Experi-* Bead Q Inlet
meat ' over ' to
Ho, Weir eusees Flume
2 8 4  1 . 9 0  0.258 2 » 3 2
2 8 5  1 . 8 9  2.94
2 8 6  1 . 8 3  4.25
2 8 7  1 . 8 8  2 . 9 4
288 1.88 2.76
289 1 . 8 7  - 3.31
290 1.85 ■ 3.21
291 1 .85  3*03
292 1.85 2.^ 0
293 '1.84 3.02
2 9 4  1 . 8 3  -• 3 . 4 3
2 9 5  1 * 7 9  0 . 2 3 7  3 . 9 2
296 1.72 3.15
; 2 9 7  1 . 7 1  0*220 3 - 3 1
298 1 . 6 4  0.208 2.12
2 9 9  I .53 0.182 3 . 9 0
3 0 0  1.50 . 2 . 6 8
301 1.50 2.64
302 1.49 3.03
303 1 . 4 8  3.33
5 ) 4  1.46 2.92
535 1.46 2.88
306 1 . 4 4  2,76
307 1.44 2.50
5 ) 8  1 * 4 4  2.33
309 1. M  1.97
• 5 1 0  . 1 . 4 4  ■ 1 .  7 3
3 1 1  1 . 4 3  3.09
312 I.13 2.66
3 1 3  1 . 4 3  2 . 4 4
3 1 4  1 . 4 3  ' 2.36
315 1*39 0.160 2.15
316 1.36 • 1 * 9 7
3 1 7  1.31 • 3 * 4 8
318 1.30 0.147 1.89
31f 1 .29  3*58
I .  ■ f Outlet
-V;. ■ , Of '
Throat Throat Flume
1.85 1.81 X  fe
2.70 2.70 2.88
4 . 1 1 4 . 1 0 4 . 1 9
2,68 2 . 6 4 2 . 8 4
2 . 4 8 2 . 4 6 2.60
'3*06 : 3 . 0 5 3.20
‘3.01
2.86
■ -2.9-8 3.02
2.80 3 . 0 0
1 , 9 7
■2178
1.85 2,08
2.74 2 . 9 0
5 * 2 5 3.15 3*40
3 . 3 2 *  $ 0 3 . 6 8
' 5 . 0 2 3.02 ■ 3 . 1 0
3.19 3 . 1 9 ■ OO■
1 . 7 7 1.69 2 . 0 0
5.83 3 . 8 0 3.74
2 . 6 6 2. 60' 2 . 6 7
2 . 4 8 2.50 2 . 6 1
2.94 ‘ 2.92 2.56
5 . 2 5 3 . 2 5 3 . 3 0
2.76 '’. s o ■’. S O
2.76 n. Or\UV - 2 . 4 9
■ 2 . 6 4 2.58 2 , 6 6
■ 2 . 3 6
O 'Z.f.■ JXj 2.45
•2. 3O 2 * 2 6 2.36
1 . 7 3 2*69 ' 1 . 4 6
• 1 . 4 . 2 2 * 3 2 I .26
5 . 3 2 : 3 . 0 2
2.54 ■ ■2*52 ■ ■ 2 . 4 0
■2.32 ■;2:*30 2 . 2 4
2 . 3 1 2*26 2 . 2 0
- 2 . 1 0 ■ ■■■2..10 2 . 1 2
•1-5 7 , . 1-49 1.93
• 3 . 4 7 ■ 3 I 4 S 3 1 4 7
1.30 - 1 . 1 0
3.50 ' . 3 * 5 0 3 * 2 0
304
Experi- 
, meat
.
■; Head 
o ve r  
/Weir
' -  k ' \
%u$ms
Inlet
■ to-;- , 
flume
. ]" :-£ :
■ y
'Throat
•W/S:.// 
llrroat
' Outlet 
■ .or
520 
321 
- -^ 2^  
323 -
,1 *26-
1*06
0*86
,0*83
0*155
0*106
0*075
0,072
2*94 ' '
1*34
2*40 
2*16 .
2*8 8 .
-
2*35 
- 2*12
2 * 88 
1*14
0.72*35' 
2*12•fc* W  lit* '*»■»
' .2*9 0: ■
1*14 -'
2*35
■. 2* M ‘
(B ro im e d  ” Fiorar).'
Depth- of flow in inches.
Ssperi-; 'Head 7Qv : Inlet - Inlet7|-,:7 f 7 Outlet
ment ■■ oyer •■■.■■’ ■ /  ' to ' -  • to - ■ x . 0 f  of ■
fie* fW©ir ; (euseos) Flusie Throat Throat Throat Throat
®9TTmpom&&ng Fig»9 a 
' Beetan|plsr' Thyo-at* 
h „ ■»■: X£**. 'and & :ss 12ff •
W'
.Baptli of flow- to laahea.,
Erperl
sent 
00*.
0T@r^ ;'
Weir3(misees)
to
Inlet. . , | . I ;
to
Throat Throat Throat ' Throat'
1
2
,3
4.
■•:>*■ 5! 
5a^
4*
4*33
1*210
1 * 0 3 0
1*020
0*920
0.855
. 6 . 4 0
5.86
'5*56.
5»-2®
4 * 9 2
5 . 4 6  
5-07 
4 , 8 0  
4 . 5  3  
4 . 1 4
A.:# 'IQ /■*£.*<£*. J.
4 * 0 0
3-73
3 . 4 o
4 . 1 5
3*»
3-62
3.27
3.10
.3*77
3.50
3-29 
3-i 
2.'
6 4.0b 0,-763 4.66 3.86 ■3.13 2*85 2.68
7 ,. 3.72 0.685 4.36 3*58 2.99 2.60 2.54
0 3.45 0.610 3.93 3*35 2.74 2.45 2*38
9 ■ 3.29 0.575 ".74 3.13 2.-33 2*27
10 : 5.18 0 .550 ;..■3*65 3.06 2*52 2*31 O  OC
11 ’ 5.03 0*506 3.46 2.94 2.20 2.15
12 2*75 0.442 3.20 2.60
0  * 11?,tf£» •#• awSt* / 2.05 2.01
15 ■ 2.50 0*585 2.94 2,40 1*98 ■ 1*85 1*83
14 . 2.18 0.-315 2.56 2*13 1*73 ■1-73 1*71
15 1.96 Q.265 2.30 I.90 1.61 14» 1*59
1 6 , . ■ I.7 1. 0.220 2.06 ..1*71;. -t erv. i.>^ 1.47 -1'*?
17 I.27 0.140 1*53 1.38 1.20 1.10 1.07
18 0-83 . 0.073 1.10 0.97 0.86 0-79 O ’7'’•w »  ■/
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.-r . fe&foratmro of water
70 F .■ ■ _ \ .
-XV tifuiiriTnwa^ iit^ wtwra- ( ~r . >^ifi, n.«n»Wi*i^ Bii|-w<i»»i':»<ini'wiiTiji»ti,i|«ai>Si<i)iwtiiiiiiiiiw w>ilil<1wi)iiii^ilii ************* i
Ssg*riaeat lv(iaelisa) . Q .r m log Q : log h„ 
W *
T^IftCk,.. '■ - -:.:''-x..i.
1 3.37 0.1GO 6.27 T.2041 0.7973
X 2 X  . 3.8® . 0.152 6.11 T.1819 -7850
3 3.§5 0.148 6*00 T.1703 -7782
4 ■ 3.81 -0*144 ' 5*93 1.1584 -7731
5 3.73 0.137 5.76 T.1367 -7604
■ 6 X  : v: ' 5.61 0.132 5*64 1.1206- ' -7513
7 3*61 ■ 0.127 5.54 1.1038 -7435
8 3*56 ' - 0*122 5.40 1T.C864 -7324
3.44-- - 0,111 5.17 1.0453 '-' --7135
l O & O v  3.31 ■ - 0.101' 5*93 T.0C43 ' -7731
3.29 0.039 5.89 2.9956 -7701
3.12 0.OS3 4*55 2,9445 ' -6580 '
3,07 0,085 4*47 2.9294 -6503
.■3,02-:- 0.081 4.38 2.9085 -6415 '
15 0-■ ■ ■ 3.00 , 0.080 4-31 2.9031 ' -6345
2,83 0.069 4.01 2.8388 •6031
2.78 ,0,066 . 3.92 2.8195 :-5933
2,67 0.053 3.70 2,7709 -5582 l
2.66 0.058 3.69 2.7634 -5670 !
2,63 0,057 3,55 |*755f .5502X j
2.57 0*054 3,50 2.7324 -5441
2.54 0.052 3.48 2,7160 " 5 4 1 6
2.46 0.047 3*32 1.6721 -5211
2.39 0.045 3*22 2.6352 -5079
2,36 0.043 3*14 1.6335 4969
2,27 0.040 2.97 2.6021 -4728
2.23 0.039 2.92 2.5911 -4654
2.11 0,033 2*76 ^2-5185 4409
2.05 0.031 2.58 X  4914 -4116
1.94 0.026 2.38.2.4150 .3766
1.85 0.023 2*28 2- 3617 :-3579
■l&tgJt ' • '  '■’■ ■ ■ X .
SJJS.S Wftlt Coat *4*
•*»
Itsrpori-*; 
menf ■ 
Wo* .
Hj ( inches)
over
T»Ioteh
Q " lie - lo g  0 lo g  Hp
1.72 0*621 : ■ 2.03 2.3222 0.3075
1.62 G',017 ..2*00... ■ 2.2304 o. 3010
■ 1*54 0,015 1 .75 ' X 1 7 6 1 ' O.2430
1 .4 0  . o .c a i 1 .5 7 2-0414 0-1959
1 .2 4 0.008 1*32 3.9031 0-1286
■•■■■1*05.... 0 ,006 1 .0 4 ' ■ 1 .7732 0.0170
0.89: 0.004 0.83 ■ 3.6021 ■1.9191
fABka S I X  earrespoMiisg to Fig.124
Bsratsalis Notch with "f" = 0 .0 5 “ 
fen^eratHxe of water = 5 7 0 2>
Hy ' 0- : 'xe :
lo g  Q lo g  Bp ■
■ : ‘5«f5  ' ' '0 .1 3 8 5 : ' 5 .7 1 r 1,1415 0.7566 |
: : A 3 .65 \ 0.130 . ■5.50 T -U 3 5  " -7404 !■' 3.60  / '0 .1 2 6
0.125
5.33 1.1004 •7308
L 2*5$ 5.36 1.0369 ’7232 ■;■'■:{
'■cjm-l-:- » : 5 .34 . ■ » «
■ :A3.53'':-v ; 0 .120 5.25 '■" 1.0792 •7202
' : 3»53; ■' M 5 .2 4 n »
0.116 4.99 T. 0,414 ■ -6981 I
■ 3.34 0.104 4*§5. TO170 ■ 6 8 5 7 :'
3 *3 3 !A 0.1a3 ■4*81' T012S •6821 ::
■.. 3*50-:'; : 0 . lvv 4 .77 1.CCQ •6785-
3 .22 0.094 4.61'- 2.9731 •6637
: :5 , l4 . '- : 0.089 4 .4 7 2,9494 . -6503 m
3.12 0.087 4 ,4 0 2.3395 . ' : -6435
: ' 2*98 r 0 .078 4 .13 2.8221 •6160
■ ■ 2 .94  :■ 0 .0 7 5 . 4 .08 2^751 •6107
. 2 .60 o.c 67 3 .80 ■2-8261 ' -5793
' 2 .79  ■■■■■'.' 0.066 3.80 2.8I 95 .'■ ft
2 .76 0.065 3.73 2-8129 . -5717
2.71 ■0.062 ■ 3 .65  . ■2.7924 .5623 v
2 .64 0.057 3 .52 2.7559 •5465
:: 2.62 0,056 3.49 2-7482 5428
'..2,61 : 0 .056 3.45 ■5378 ■
:■ 2.49 ■ 0.643 3 .1 7 2.6902 .5011
2.48 0.049 : 3*23 « • 5092
:.; 2 .4 2 '. 0.047 * 3 .12 2.6721 .4942
: 2 .35  : ■ 0,043 .3,00 26335 4771
: 2 .31 0.041 ■ 2.91 2-6128 .4639 ■:
2. 28:. 0,040 2.85 ■ 2.6021 ' .4548
2 .16  : '0 .0 3 5  • ■ 2 .66 5 .5 4 a 4249
2.14 0.034 0 .6 3 '- 5-5315 4200
' 2.06 : 0.031 2 ,5 0 5.4914 -397© . i
■ 1 .9 3 0.027 ■ 2 .36 54314 .3729 !
1*87 ■■ ■ 0 .024 2.20 2-3802 •3424
ese
SABUS X£IX Coat’d.
Q ■ :W ;'y ' •.
;; ; ieg .Q . ; logj%: ■
1.81
::1* S4 
1.42 
AX*Z5 '
; 0.023 
' 0*017 
■jii o.eii .
;.;^h0*00f : ■;! 
o*oc 8
2.05 2^517 
■ i.|I | | 3 | 4 ;
0,3139 
. .250l\ 
. .1534
•0828
M l . l g :; 1^05:3.9.031'; • 0253 : ■ : -i
% corresponding to 
/. ^low itoo^g!a :■'■ '■
"f* » 0*10*
fei%eratsrr# ©£ water * 52%«.
lo g  H
4 .41 0.207 ■ 6.31 : 7*5160
4 . ID 0*181 ■ 6*05 : T .2577
3 .9 0 0.132 ■ 5*61 T.1818
.3.61 0.128 5*16 ' T-1072
3*55 . 6,122 . 4 .9 5  ' 1-0864
3.3?
5 ,18
0,105
0*o91
4 .70
4.38
'•0212
2.9590
3 .16 0**.90 4*33 2 9542
3 .08 0.005 4*15 I-9 2 9 4
2 .95 0.076 3.9? 2-8808
2.80 
2,63 .
0 ,066
0.057
3,71
3 .43
2-8195
2-7559
.2.48 . 0 ,049 3.1? 2 6902
2 .35  - 0 .044 3.00 . •26435
2.19 
1 .93  •
0*035 2.75 "25441
0.027 2 ,30 ' 34314
1.69 ■ 0.019 2.00 ;; 2 2738
1 .5 1  ■ 6.015 1 . 7 6 :' 2*1761
1,28 ; 0.CC-93 3.9312
1*1 5 '' '0,0075 1 .2 3 3-8751
0.62 0.0020 0*57..- 3-3010
0,57 '" 0.0015 1 1 7 6 1
0.8000 
• 7818
•7126
•5694
•2455
0,1072 
1.'
%X QQtxmpQ&Msig 1 0  fif.iff. 
b
.IterafeoUe Motcla with t *' 0.15'*
temperator© of wataa? 
7 0 ^
.' .:>. "IP (inches
m m  
:. :/?^aotch
} " o  '
eosees
"E^inc-hes 
ever 2 a ra - , 
bolls  notch
. lo g  0 ■ le g  Bp
4.3? 0.200 ' : 5.91: ! ' f 1.3010 0.7709
,. 4 .26  ' 0 .190 5*74 7.2788 ' .7589
:S 4 .17 0*180 . 5 .53 >•2553 .7466
4.11 ..©*175 ■ 5 . 5 0  s T .2430 •7404
. 4*0? ■ 0 .170 5.44 T-2304 . •7356
3.91 0. 137: .5*25■ '•1959 •7202
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